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Abstract
C ooperative com m unica tion  is a p rom is ing  transm ission parad igm  w h ich  can e xp lo it the 
resources o f ne ighboring  nodes in  a ne tw ork  to  p rovide  spa tia l d ive rs ity  in  fad ing  channels 
w ith o u t need fo r physica l arrays. However, the  ha lf-dup lex  constra in t o f nodes in  p rac tica l 
systems has induced a loss o f b a n d w id th  effic iency because o f e x tra  b a n d w id th  need from  
the cooperative transm ission by re lay nodes, w h ich  calls fo r new research e fforts to  im prove 
the spectra l efficiency. Therefore, in  th is  thesis we have focused on e xp lo itin g  novel m u lt i­
l in k  adap tion  strategies fo r ha lf-dup lex  cooperative com m unications to  fu r th e r im prove th e ir 
perform ance and com bat the  decrease in  spectra l efficiency.
T h e  significance o f node coopera tion  can be achieved by re laying protoco ls, such as A m p lify -  
and-Forw ard (A F ), Decode-and-Forw ard (D F ). F irs tly , the perform ance gains o f cooperative 
com m unications were analyzed in  term s o f average sym bol e rro r p ro b a b ility  (SEP) in  fad­
ing  channels, w ith  proposed tig h te r bounds fo r A F  re lay ing system. N ext, we in tensively  
investigated adaptive  transm ission to  fu r th e r im prove the  perform ance o f cooperative com­
m unica tions from  the fo llow ing  aspects.
U nder A F  re laying, adaptive  power a lloca tion  has been considered fo r a b id ire c tio n a l relay 
ne tw ork, w ith  tw o proposed power a lloca tion  strategies. T he  proposed strategies require  
o n ly  channel mean s treng th  in fo rm a tio n  a t the  tra n s m itte r side, and can prov ide  up  to  15% 
im provem ent in  term s o f the  transm ission ra te  and 20% in  term s o f the  outage p robab ility .
W hen considering D F  re lay ing  p ro toco l, re lay nodes can tra n s m it in  d iffe ren t m o du la tion  
fo rm ats  w ith  in  the  source node. In  th is  context, we have investigated the m u lt i- l in k  adaptive 
m o d u la tio n  under power and b it  e rro r ra te  constra in ts. Several adaptive m o d u la tio n  schemes 
were proposed to  im prove the l in k  spectra l effic iency up  to  4.5 b its /s /H z  fro m  0.5 b its /s /H z  
in  fixed re laying, p ro v id in g  channel state in fo rm a tio n  a t the  transm itte rs . B o th  single and 
para lle l-re lay netw orks were considered w ith  proposed o p p o rtu n is tic  re lay ing  policies for 
pa ra lle l-re lay  netw ork.
Coded coopera tion  is another cooperative p ro toco l developed from  D F  re lay ing  in  con junc­
tio n  w ith  channel coding. T w o  adaptive  cod ing strategies were proposed by  exp lo itin g  the 
properties  o f R ate C om patib le  P unc tu re  C ovo lu tiona l (R C P C ) codes used in  coded cooper­
a tion. I t  has been found th a t the  tw o  proposed strategies can offer up  to  2 dB  gain in  term s 
o f e rro r p ro b a b ility  and tr ip le d  code rate, respectively.
O u r investiga tion  has revealed th a t m u lt i- l in k  adap tion  can lead to  s ign ifican t perform ance 
im provem ent w ith  large spectra l efficiency gains to  ha lf-dup lex  cooperative com m unications.
K e y  w o rd s : wireless com m unica tion , cooperative com m unication, adap tive  m odu la tion , 
a m p lify  and fo rw ard , decode and fo rw ard , spectra l efficiency, power a lloca tion .
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I n t r o d u c t i o n
T he  ever flou rish ing  wireless com m unications scene entered th is  cen tu ry  w ith  transform ed 
consumer technologies and new challenges. W ith  the  p ro life ra tio n  o f personal wireless en­
abled devices, such as, cell phones, laptops, there is con tinuously increasing desire fo r h igher 
and more re liab le  wireless com m unications. M eanw hile , the lim ite d  b a tte ry - life tim e  o f de­
vices and the scare b a n d w id th  shared by a large num ber o f users o ften  h inder the develop­
m ent o f wireless com m unications. N o t o n ly  do wireless com m unications have to  deal w ith  
the  scared and lim ite d  system resources, they  also suffer from  the  wireless fad ing  channels. 
The  large-scale fad ing  causes the  average signal power a ttenua tion , w h ile  the  small-scale fad­
ing  results in  the  random  varia tions o f signal s treng th , frequency and phase a t the  receivers 
d u rin g  a com m unica tion  session.
T hanks to  the  great developm ent in  research and technologies in  recent years, lo ts  o f tech­
niques have been proposed and proved to  com bat these problem s. A d a p tive  transm ission is 
an effic ient technique leading to  spectra l efficiency com m unications, by  a dap tive ly  changing 
the  tra n s m it param eters accord ing to  the channel s ta te  in fo rm a tio n  (C S I) [2]. To overcome 
the  power a ttenua tion  prob lem  and extend the  transm ission range, com m unica tion  can be 
assisted by m u ltip le  hops in  a ne tw ork  o f com m un ica ting  nodes instead o f the  tra d it io n a l 
p o in t- to -p o in t com m unica tion  between a tra n s m itte r and a receiver. P ro v id in g  the  receiver 
w ith  m u ltip le  versions o f an in fo rm a tion -bea ring  signal sub ject to  independent fad ing  realiza­
tions generates d iversity, hence can effective ly com bat the  deleterious effects o f small-scale 
fading. M u lt ip le  antenna technique has been in troduced  to  com bat fad ing  by spa tia l d i­
versity, a t the same cost o f b a n d w id th  and power resources compared to  single antenna
1
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com m unications [3, 4], To m itig a te  the  effects o f deep fad ing  in  one or several paths o f the 
wireless channels, the  m u ltip le  antennas should be sp a tia lly  located so th a t the  paths o f 
each transce iver antennas p a ir experience independent fadings. T h is  has lim ite d  the a p p li­
ca tion  o f m u ltip le  antennas to  m any wireless systems, because o f size lim ita t io n , extensive 
co m pu ta tion  com p lex ity  especially in  sm all m ob ile  devices.
A  new parad igm  called cooperative com m un ica tion  has draw n more and m ore a tten tions 
recently  [5]. B y  a llow ing ne ighbouring  nodes in  a wireless netw ork to  coopera tive ly  trans­
m it  (receive) th e ir data , cooperative com m unica tion  provides a m ethod  o f achieving spa tia l 
d ive rs ity  w ith o u t requ iring  m u ltip le  antennas a t m ob ile  devices. In  a m u lti-n o d e  wireless 
ne tw ork, nodes can overhear each o thers ’ transm ission  signals because o f the  broadcasting 
na tu re  o f wireless transm ission. I f  they  can coopera tive ly  fo rw ard  the  received signals to  the 
des tina tion  node, th is  provides e x tra  independent observations o f the source signals a t the 
des tina tion  to  achieve spa tia l d iversity. A lte rn a tive ly , h igher th ro u g h p u t can be achieved by 
e xp lo itin g  the m u ltip le x in g  gain in  the  cooperative transm ission [6, 7].
1.1 Cooperative Communication
T he  3-node relay ne tw ork  given in  F igure  1.1 is the  sim plest example o f cooperative comm u­
n ica tion , accom m odating a source, re lay and destina tion . W hen  the  source transm its  signals 
to  the  destina tion , the  relay can overhear the  signals and then fo rw ard  to  the  destina tion . 
T h is  resu lts in  m u ltip le  copies o f the tra n sm itte d  signals a t the destina tion . Assum ing in ­
dependent fad ing  channels from  the  source and the  relay to  the destina tion , the  com bin ing 
o f these copies generates d iversity. Based on th is  s im plest example, m ore sophisticated relay 
models have been developed, such as para lle l re lay m odel and b i-d irec tiona l re lay model. 
In  the fo rm er one, m u ltip le  relays p a rtic ip a te  in  the  transm ission fo r h igher d ive rs ity  gain; 
in  the  la tte r  one, tw o nodes exchange th e ir in fo rm a tio n  v ia  the same relays. These w ill be 
discussed in  d e ta il in  la te r chapters.
T he  channel m odel beh ind  th is  ne tw ork  is the  relay channel, f irs t in troduced  in  1970’s [8, 9]. 
T he  in fo rm a tio n  theore tic  p roperties  o f th is  channel in  an add itive  w h ite  Gaussian noise 
(A W G N ) channel was investigated in  [8], A lth o u g h  the  concept o f the re lay ing  channel can 
be dated back to  these ground-break w orks fo r nearly  40 years, there are s t i l l  a few open 
problem s regard ing th is  m odel. For example, in  the  cooperative transm ission  in  rea lis tic  
systems, tra n s m ittin g  te rm ina ls  m ust also process th e ir received signals; however, cu rren t
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relay
F igure  1.1: Layou t o f 3-node relay netw ork
lim ita t io n  in  rad io  im p lem en ta tion  precludes the te rm ina ls  from  fu ll-d u p le x  opera tion , i.e., 
tra n s m ittin g  and receiving a t the same tim e  in  the  same frequency band. Thus the ha lf­
dup lex constra in t should be considered, where the relay node can ’t  receive da ta  from  the 
source and tra n sm it to  the des tina tion  a t the same tim e  and frequency. O n the o the r hand, 
the relay channel in  com b ina tion  o f fad ing  p roperties in  wireless channels has shown an area 
o f great po ten tia l. Recently, lots o f efforts have been pa id  on the  research fo r cooperative 
com m unications in  the  fad ing  channels under ha lf-dup lex  transm ission [6] - [ l  1]. P rotoco ls 
have been developed fo r the wireless relay channel to  a llow  the ne tw ork to  behave as a v ir tu a l 
m u ltip le  antenna system. In  p a rticu la r, three basic re lay ing  protoco ls have been considered, 
A m p lify -a n d -F o rw a rd  (A F ), D ecode-and-Forward (D F ), and C om press-and-Forward (C F ) 
[8]. The  perform ance o f the pro toco ls was investigated over fad ing  channels under ha lf- 
dup lex  transm ission in  the fo rm  o f Code D iv is io n  M u lt ip le  Access (C D M A ) [6, 7], and T im e  
D iv is ion  D up lex (T D D ) system [10].
In  A F  p ro toco l, the relay am plifies the received signals w ith  a proper a m p lif ica tio n  factor, 
sub ject to  the system constra in t, and forw ards to  the destina tion . In  D F  p ro toco l, the relay 
decodes, re-encodes the received signals and forwards to  the destina tion . A t the destina tion , 
i t  combines the tw o branches from  the source and the  relay w ith  m ax im a l ra tio  com bin ing  
(M R C ), equal gain com bin ing  (E G C ) or selection com bin ing  (SC) fo r detection. Instead 
o f decoding, the  relay compresses the  received da ta  from  the source and forwards to  the
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destina tion  in  C F  relaying. A t  the  destina tion , the  signals received from  the source d ire c tly  
serve as side in fo rm a tio n  to  reconstruct the re lay ’s observation. Based on these basic re laying 
protoco ls, selective re lay ing  p ro toco ls have been developed [10]. For example, in  selective 
D F , on ly  the  co rrec tly  decoded da ta  a t the  relay is forw arded to  the des tina tion , w h ich  can 
im prove the  perform ance o f D F  p ro toco l. T he  increm enta l re lay ing  pro toco ls e xp lo it lim ite d  
feedback fro m  the des tina tion  to  activa te  the  re lay ing  transm ission ra re ly  when needed. 
T h is  can im prove the  spectra l effic iency by repeating  from  the  re lay ra re ly  on ly  [10]. W h ile  
com bined w ith  coding techniques, a fram ew ork called coded cooperation was proposed to  
e xp lo it b o th  the d ive rs ity  gain and cod ing gain [5, 12, 13].
1.2 Motivations and Objectives
C ooperative com m un ica tion  provides a pow erfu l way to  e xp lo it the effects o f fad ing  in  wireless 
systems. However, the  earlie r research in  th is  area m a in ly  focused on the  fixed transm ission, 
under a fa ir  usage o f rad io  resources among the  nodes [7, 10]. A lte rn a tive ly , fo r scenarios in  
w h ich  the tra n sm itte rs  ob ta in  some knowledge o f the  channel rea lizations v ia  feedback, the 
re -a lloca tion  o f the  wireless resources becomes possible. These options a llow  the  cooperating 
te rm ina ls  to  adap t to  th e ir specific channel cond itions and geometry, select appropria te  
tra n s m it strategies to  fu r th e r im prove the perform ance.
Besides, the  ha lf-dup lex  constra in t could decrease the  spectra l efficiency o f cooperative com­
m unications. In  p rac tica l com m unications, because o f severe a ttenua tion  over the  wireless 
channel, and insu ffic ient e lectrica l iso la tion  between the  tra n s m it and receive c ircu itry , a te r­
m in a l’s tra n sm itte d  signal drowns o u t the  received signals from  o the r te rm ina ls . Therefore, 
to  ensure ha lf-dup lex  opera tion , the  transm ission  in  cooperative com m unications is usua lly  
fu r th e r im plem ented by se tting  up  o rth o g o n a lity  am ong the source and re lay nodes. T h is  
requires a t least tw ice the  b a n d w id th  o f d irec t transm ission fo r a given rate, leading to  large 
effective S N R  losses fo r increasing spectra l efficiency [10]. The requirem ent o f spectra l ef­
fic ien t systems fo r fu tu re  com m unications calls fo r new approaches to  increase the  spectra l 
efficiency o f ha lf-dup lex  cooperation.
A d a p tive  transm ission techniques in  classic p o in t-to -p o in t com m unications (d irec t transm is­
sion) have shown th e ir  effectiveness leading to  spectra l-effic iency com m unications [2, 14, 15]. 
In  p a rticu la r, by adap ting  the tra n sm itte d  power level, sym bol transm ission ra te , constella­
tio n  size, cod ing ra te  o r any com bina tion  o f these param eters according to  the  channel state
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in fo rm a tio n , h igher spectra l effic iency can be achieved. T h is  insp ired  us to  fu r th e r im prove 
the  perform ance o f cooperative com m unications and com bat the  spectra l efficiency losses in  
ha lf-dup lex  coopera tion  by e xp lo itin g  adaptive techniques.
M o tiva te d  by these observations, th is  thesis has investigated adaptive transm ission  fo r ha lf­
dup lex  cooperative com m unications. Take the  3-node system in  F igure  1.1 as an example. 
The  receivers are assumed to  have perfect measure o f q u a lity  o f the  links  in  the  netw ork, 
consequently can send back to  the  tra n sm itte rs  a fte rw ards th rough  the  feedback links  (dashed 
lines in  F igure  1.1), as w ell as the s ignaling. T he  source and relay nodes, upon  reception o f 
the  feedback in fo rm a tio n , tra n s m it w ith  app rop ria te  param eters to  im prove the  perform ance.
The  adaptive  transm ission has been w ell s tud ied  in  classic com m unications. However, in  
cooperative com m unications w ith  a d d itio n a l re lay nodes involved in  the transm ission, i t  
has become a m u lt i- l in k  adap tion  prob lem . C om pared w ith  the adaptive transm iss ion in  
the d irec t transm ission, the  d ifficu ltie s  raise in  the  cooperative com m unications lay in  the 
fo llow ing. In  d irec t transm ission, the overall perform ance is solely re la ted  to  the  d irec t 
lin k  from  the source to  the destina tion . In  contrary, the overall perform ance o f the relay 
ne tw ork is decided n o t on ly  by the  source-to -destina tion  lin k , b u t also the  source-to-relay, 
and re lay-to -des tina tion  links. T h is  is m uch m ore com plicated when there are more nodes 
involved in  the  relay ne tw ork. F u rthe rm ore , in  a re lay ne tw ork, the transm ission  param eters 
a t b o th  the source and the re lay can be ad justed. There  are more variables to  be adap tive ly  
changed compared w ith  in  the  d ire c t transm ission. For example, the  tra n s m it power a t b o th  
the source and the  relay can be adap tive ly  changed under ce rta in  power constra in t. In  the 
D F  re lay ing  transm ission, as the  relay can decode and re-encode the received da ta  from  
the  source, the rea fte r i t  can choose m o d u la tio n  and channel code w h ich  are d iffe ren t w ith  
the  source w hen fo rw a rd ing  to  the destina tion . T h is  provides m ore degrees o f freedom, and 
challenges a t the  same tim e  in  the  transm ission design.
T he  con junc tion  o f adaptive techniques w ith  the  cooperative com m unications has draw n 
some a tten tions  recently. A dap tive  power a lloca tion  based on instantaneous CSI [16]-[19] 
and average CSI [20]-[23] were proposed, to  im prove the perform ance o f cooperative com m u­
n ica tions in  m etrics such as achievable rate, outage p ro b a b ility  and etc in  d iffe ren t channel 
environm ent. A d a p tive  m o d u la tio n  was considered fo r A F  re lay ing  netw orks in  [24]-[2T]. 
A lte rn a tive ly , the  adaptive m o d u la tio n  and cod ing have no t been w ell investigated fo r D F  
re lay ing  systems.
We have added some novel results to this area from our investigation on the m ulti-link adap-
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ta t io n  in  th is  thesis, in c lu d in g  adaptive  power transm ission in  A F  re lay ing  system, adaptive 
m o d u la tio n  strategies proposed fo r D F  re lay ing  and adaptive  coding schemes fo r coded co­
opera tion . We a im  to  fu r th e r im prove the  perform ance o f ha lf-dup lex  cooperative com m uni­
cations under wireless fad ing  channels, in  p a rticu la r, to  com bat the  spectra l efficiency losses 
due to  ha lf-dup lex  operation.
1.3 Key Contributions
S im ila r to  adaptive  techniques fo r classic com m unications, we considered adaptive  power 
a lloca tion , adaptive m o d u la tio n  and adaptive  cod ing these im p o rta n t techniques fo r the 
cooperative com m unications. T he  m a in  co n tr ib u tio n s  are sum m arized as follows:
•  Average sym bol e rro r p ro b a b ility  o f the  basic 3-node relay ne tw ork over R ayleigh fad­
ing  channels was derived, in c lu d in g  novel perform ance bounds fo r A F  re lay ing  system. 
T he  perform ance benefits o f cooperative com m unications have been in tensive ly inves­
tiga ted  from  the in fo rm a tio n  theo re tic  po in t-o f-v iew . In  th is  thesis, we considered 
another im p o rta n t perform ance m e tric  in  wireless fad ing  channels - average sym bol er­
ro r p ro b a b ility  (SEP). W e derived the  SEP perform ance o f re lay ing  pro toco ls inc lud ing  
A F , D F  and selective D F , g iv ing  closed fo rm  expressions w ith  neat fo rm u la tion . Some 
o f the  derived perform ance bounds are tig h te r th a n  the results in  re lated work.
•  A dap tive  power a lloca tion  was investigated fo r b id irec tiona l A F  re lay ing  system un ­
der Rayle igh fad ing  channels. So fa r m any efforts have been pa id  to  adaptive power 
a lloca tion  fo r re lay ing  networks, especially the basic 3-node re lay ing  system. Here, we 
have investigated the  power a lloca tion  fo r b id ire c tio n a l A F  re lay ing  system. R equ iring  
on ly  the  knowledge o f channel mean s treng th , tw o  power a lloca tion  strategies were p ro ­
posed to  im prove the  perform ance in  term s o f average sum ra te  and in d iv id u a l outage 
p ro b a b ility . I t  has been shown th a t the  proposed strategies o u tp e rfo rm  the  fixed equal 
power a lloca tion  in  these tw o perform ance m etrics.
•  We investigated the  adaptive  m o d u la tio n  techniques fo r single and pa ra lle l D F -re lay 
cooperative com m unications. In  the  proposed adaptive  transm ission, d iffe ren t m odu la ­
tio n  fo rm ats  are allowed a t the  source and the relay. Com pared w ith  m ost w o rk  in  th is
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area a p p ly ing  the  same m od u la tio n  a t the  source and the  relay, we have explored ex tra  
degree o f freedom in  the  transm iss ion design. The prob lem  o f im p ro v in g  the  spectra l 
efficiency by adap tive  m o d u la tio n  was analyzed sub ject to  B E R  and power constra ints.
•  T w o  adaptive m o d u la tio n  schemes were proposed according to  ou r analysis fo r th is  
p rob lem , nam ely T yp e -I, T y p e -II m odu la tion -adap tive  coopera tion  scheme (M A C S ). 
T he  fo rm er scheme requests C SI a t the  relay solely. P rov id ing  C SI a t the  source as 
well, the  la tte r one can fu r th e r im prove the  spectra l efficiency o f the  system.
•  Since at least tw ice o f b a n d w id th  is needed fo r the cooperative com m unications than  
d ire c t transm ission, cooperative transm ission  could be a bad idea w hen the  source- 
re lay or re lay-destina tion  lin k  suffer from  deep fading. As th is  is the  case, new spectra l 
efficiency c r ite r ia  was proposed, called o p p o rtu n is tic  based D F  re lay ing  scheme. T he  
‘o p p o rtu n is tic ’ means the  system can dynam ica lly  sw itch  between d irec t transm ission 
and D F  transm ission w ith  one best relay chosen to  fo rw ard  data. A d a p tive  m o d u la tion  
scheme fo r the  o p p o rtu n is tic  D F  re lay ing  systems was proposed and the  o p tim iza tio n  
prob lem  has been ca re fu lly  investigated. The  proposed scheme can s ign ifican tly  im ­
prove the spectra l efficiency compared to  b o th  fixed re laying system and adaptive  d irec t 
transm ission.
•  H av ing  perfect C SI a t the  tra n s m itte r side m ay n o t be feasible sometimes in  practice. 
As a resu lt, we have extended our w ork  to  the  scenario w ith  delayed C SI available a t 
transm itte rs ! O u r investiga tion  showed th a t even w ith  delayed feedback, the  proposed 
adaptive  m od u la tio n  schemes could o u tp e rfo rm  fixed D F  re lay ing  transm ission.
•  A d a p tive  coding scheme was proposed fo r coded cooperation. In  the conventional 
coded cooperation, the  codewords are s p lit w ith  fixed ra tio  fo r the  source and the  relay 
regardless o f the channel rea liza tion . Developed from  the R a te -C om patib le  P unc­
tu re  C onvo lu tiona l (R C P C ) code based coded cooperation, we proposed to  adap tive ly  
choose punctu re  pa tte rns  fo r coded cooperation, called adaptive  p u n c tu r in g  coded co­
opera tion . W ith  respect to  the  feedback o f the  channel state in fo rm a tio n  a t the  source, 
codewords were s p lit adap tive ly  to  m in im ize  the  overall BER .
•  B o rrow ing  the idea o f F oun ta in  codes we proposed an A u to m a tic  Repeat Request 
(AR Q )-based adaptive  coded coopera tion  scheme. In  the proposed scheme, e ither the
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source or the relay sends 1 o r 2 new coded b its  fo r each re transm ission as requested 
by the  des tina tion  u n til correct de tection  or the  whole codeword is tra n sm itte d . The 
com puter s im u la tion  results have shown th a t the  proposed scheme could offer im proved 
th ro u g h p u t in  com parison w ith  the  conventional fixed coded cooperation.
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1.5 Organization of Thesis
T he  o rgan iza tion  o f the rem inder o f th is  thesis is as follows. C hap te r 2 overviews the relevant 
background in fo rm a tio n  o f th is  thesis. T he  perform ance benefits o f cooperative com m uni­
cations in  fad ing  channels is reviewed firs t. N ext, we provide  our novel analysis in  term s o f 
average sym bol e rro r p ro b a b ility . In  C hap te r 3, tw o adaptive  power a lloca tion  strategies are 
proposed fo r the b id irec tiona l A F  re lay ing  system. In  C hap te r 4, the adaptive  m odu la tion  
schemes are proposed fo r D F  re lay ing  system and an opportun is tic-based D F  re lay ing  sys­
tem . A dap tive  cod ing schemes fo r coded cooperation are presented in  C hap te r 5. We draw  
our conclusions in  C hap te r 6 w ith  a b rie f discussion on fu tu re  research.
C h a p t e r  2
C o o p e r a t i v e  C o m m u n i c a t i o n s  i n  
W i r e l e s s  N e t w o r k s
2.1 Introduction
In  th is  chapter, we firs t review  some im p o rta n t re lay ing  models and p ro toco ls fo r cooperative 
com m unications. Then  the  perform ance benefits o f ha lf-dup lex  cooperative com m unications 
in  wireless netw orks are investigated, ta k in g  the  3-node relay ne tw ork as an example. Outage 
p ro b a b ility  has been investigated as an im p o rta n t perform ance m e tric  in  m any lite ra tu res. 
Some m a in  results are reviewed here. O n  the o the r hand, we provide some novel results o f 
average sym bol e rro r p ro b a b ility  to  evaluate the  perform ance o f cooperative com m unica tion  
systems. We derive the  average sym bol e rro r p ro b a b ility  w ith  re lay ing pro toco ls inc lud ing  
A F , D F , and selective D F  over R ayle igh  fad ing  channels. In  p a rticu la r, the proposed new 
average SEP upper and lower bounds fo r A F  re lay ing  p ro toco l are proved to  be tig h te r than  
results in  some re la ted work.
A d a p tive  transm ission techniques fo r classic com m unications systems have dem onstrated 
th e ir  effectiveness in  enhancing the  spectra l efficiency. Hence the  basic theo ry  and m ethods 
o f adaptive  transm ission fo r classic com m unications are reviewed afterw ards, as guidelines 
fo r ou r adaptive  transm ission design fo r the  cooperative systems. Some recent w ork  in  
cooperative com m unications has begun to  e xp lo it the  adaptive transm ission  in  term s o f 
adaptive power a lloca tion  and adaptive m od u la tio n , w h ich  is b rie fly  reviewed a t last o f 
th is  chapter. However, the cu rren t research to  im prove the spectra l efficiency by adaptive
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transm ission is no t comprehensive and system atica l enough, w hich demands new research 
achievements.
2.2 Cooperative Models
We have in troduced  the sim plest cooperative m odel, the 3-node relay ne tw ork in  C hapter 
1. However, the  cooperation among nodes can be considered in  m any o ther scenarios. Here 
we give some examples in  a wireless ce llu la r ne tw ork shown in  F igure 2.1. For com parison, 
firs t we consider a p o in t-to -p o in t com m un ica tion  from  U 1 to  Base S ta tion  (BS) in  the figure. 
Assume the nodes are equipped w ith  single antenna. Therefore, i t  cannot in d iv id u a lly  gen­
erate spa tia l d ive rs ity  w ith  on ly  th is  d irec t lin k . T he  transm ission w ill be severely affected 
i f  the signals experience deep fade th ro u g h  th is  wireless lin k . For example, the transm ission 
lin k  m ay be blocked by bu ild ings shown as in  the figure. However, due to  the  inhe ren tly  
broadcasting na tu re  o f wireless com m unica tion , U2 can ‘overhear’ U l ’s signals, thus i t  can 
fo rw ard  some versions o f its  received signals to  BS. A fte r th a t, BS combines the tw o copies 
o f in fo rm a tio n  received from  b o th  U1 and U2 fo r detection. I f  the fad ing  paths from  the 
two users are independent, th is  k ind  o f transm ission can generate d iversity. T h is  shows a 
p rac tica l example o f the 3-node re lay ing  m odel in  a ce llu la r ne tw ork made up o f a source 
(U l) ,  re lay (U 2) and destina tion  node (BS).
F igure 2.1: Exam ple o f cooperative models in  wireless com m unications
2.2. Cooperative Models 12
Besides th is  s im plest re lay ing  m odel, F igure  2.1 shows examples o f several o the r cooperative 
models. Nodes can help each o the r to  receive in fo rm a tio n  from  the same source (U I and 
U4 coopera tive ly  receive da ta  fro m  the  fixed relay node). In  a d d ition , re lay node can help 
w ith  the  in fo rm a tio n  exchange between tw o  nodes w ith  b id irec tiona l transm iss ion  (U I  and 
U3 exchange in fo rm a tio n  w ith  the  help o f the  fixed re lay). In  some networks, the relay 
can be a no rm a l user (fo r example, U2) or fixed relay especially set in  the  ne tw ork fo r 
cooperative transm ission. C u rren tly , in  the ce llu la r networks, the fixed re lay are now being 
considered in  W iM A X  and LTE-A dvanced  systems [28, 29]; the app lica tion  o f m obile  relays 
are to  be applied sub ject to  fu r th e r research. W ith  the developm ent o f pervasive com puting  
and com m unica tion , the user coopera tion  spawns in  o ther wireless ne tw ork s tructures. T w o  
im m ed ia te  app lica tions w h ich  can have im proved perform ance from  node coopera tion  are 
ad hoc and sensor networks w ith  m ore nodes involved in  the ne tw ork [5]. However, a ll the 
advanced cooperative netw orks are extensions o f some basic re lay ing  models.
N ex t we s tu d y  basic re lay ing  models o f cooperative transm ission exam pled in  F igure  2.1.
2 .2 .1  B a s ic  R e la y in g  A r c h i t e c t u r e s
F igure  2.2 shows several re lay ing  architectures th a t reduce the com m only used models in  the 
absence o f specific coopera tion  strategies as expla ined in  [10].
A t the  heart o f cooperative com m unica tion  is the  s im plest 3-node re lay ing  m odel. We redraw  
the  m odel here in  F igu re  2.2(a), consisting o f Source (S), Relay (R ) and destina tion  (D ). 
The ground-b reak ing  w ork  on th is  ne tw ork was from  Cover and E l G am al [8]. T h is  w ork 
investigated the  in fo rm a tio n  theore tic  p roperties  o f the  relay channel, and derived the  channel 
capacity  lower bounds fo r Gaussian re lay channels w ith  d iffe ren t random  coding schemes. A  
num ber o f la te r coopera tion  lite ra tu res  were insp ired  by th e ir  w ork, and investiga tion  o f th is  
m odel is s t i l l  an im p o rta n t research area nowadays.
W hen  nodes (S I and S2) cooperate to  tra n s m it in fo rm a tio n  to  the same des tina tion  (D ), 
the system becomes a m ultiple-access re lay ing  m odel in  F igure  2.2(b). T h is  is n o rm a lly  
used when the re lay node is geographica lly close to  the  source node. T h is  m im ics a v ir tu a l 
2 x 1  m u ltip le  antenna system to  generate tra n s m it d iversity. W hen nodes (D1 and D2) 
cooperate to  receive da ta  from  the  same source (S), th is  is a broadcast re lay m odel as 
shown in  figure 2.2(c). A ccord ing ly , th is  is qu ite  useful when the relay node is close to  
the  destina tion  node to  fo rm  a 1 x  2 m u ltip le  antenna system. These tw o cases are also
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F igure  2.2: Basic re lay ing  architectures
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referred as tra n s m it cooperation and receive cooperation [30, 31]. F u rth e r discussion on the 
perform ance o f these tw o models can be found in  [32, 33]. W hen more nodes around the 
source and the des tina tion  can cooperate together, the  system is generalized to  a v ir tu a l 
m u lt i- in p u t m u lt i-o u tp u t (M IM O ) system [10].
F igure  2.2(d) shows an example o f m u lti-b ra n ch  re lay ing  w ith  tw o para lle l relays (R I and 
R 2). T h is  is a very im p o rta n t m odel in  practice  i f  m u ltip le  nodes are available in-between the 
source and the  des tina tion  in  the  netw ork. E x is tin g  works suggest th a t the  d ive rs ity  order 
increases w ith  the num ber o f coopera ting  nodes in  th is  m u lti-b ranch  system. The achievable 
perform ance o f th is  m odel has been discussed in  [6] [34]-[36].
A n o th e r in te resting  re lay ing  s truc tu re , shown in  F igu re  2.2(e), is called b id ire c tio n a l re lay 
m odel o r tw o way relay channel (T W R C ). In  th is  m odel, tw o nodes (S I and S2) in  the  ne tw ork 
exchange in fo rm a tio n  th rough  the b id ire c tio n a l transm ission, w ith  the  help o f the  same 
relay (R ). B o th  sources tra n s m it to  the  relay s im ultaneously, and then  the  relay broadcasts 
some version o f the  received signals to  b o th  the  tw o sources. In  th is  context, the tw o 
d irec tiona l transm ission can be com pleted in  tw o slots to  im prove the spectra l efficiency 
[37, 38]. Recently, th is  m odel has gathered m ore and m ore research in terests inc lud ing  
power a lloca tion , ne tw ork  cod ing [38, 39].
In  th is  thesis, we have investigated the  cooperative systems em ploying models inc lu d in g  the 
basic 3-node relay m odel (F igure  2.2(a)), pa ra lle l re lay m odel (F igure  2 .2 (d )), and b id irec­
tio n a l re lay m odel (F igure  2.2(e)). Scenarios th a t the  re lay is close to  the  source (F igure  
2 .2(b)), the relay is close to  the  des tina tion  (F igure  2.2(c)) are also considered in  some 
s im ulations.
The  nex t section b rie fly  discusses the  basic re lay ing  protoco ls for coopera tion  in troduced  so 
fa r in  lite ra tu res.
2 .2 .2  B a s ic  R e la y in g  P r o to c o ls
A fte r the  concept o f re lay ing  is in troduced , m ost o f the research efforts have focused on 
fin d in g  e ffic ient p ro toco ls th a t lead to  lower bounds o f the relay channel capacity. Here 
we h ig h lig h t some basic re lay ing  protoco ls, A m p lify -and -F o rw a rd , Decode-and-Forward, and 
Com press-and-Forward.
A m p lify -a n d -F o rw a rd  (A F )
2.2. Cooperative Models 15
In  th is  p ro toco l, the  re lay node receives the signals tra n sm itte d  by the source node b u t 
doesn’t  decode them . The  signals in  th e ir  noisy fo rm  are am p lified  to  compensate fo r the 
a tte n u a tio n  suffered between the  source-to-re lay lin k  and re tra n sm itte d  to  the  destina tion . 
The  destina tion  combines the signals received from  the  source and the relay, and decodes the 
in fo rm a tio n . In  th is  case, the knowledge o f the  C SI o f source-to-relay lin k  is requ ired a t the 
destina tion . A F  p ro toco l is a s im ple and low-cost p ro toco l, b u t proved to  p rov ide  diversity. 
T he  advantage o f A F  p ro toco l is the  soft in fo rm a tio n  o f the  da ta  is kept w hen fo rw ard ing  to  
the  destina tion ; one draw back is the  a m p lif ica tio n  o f noise in  the  p ro toco l. In  th is  case, some 
new pro toco ls have been considered to  keep the so ft in fo rm a tio n  a t the  re lay and cancel the 
noise a t the same tim e  [40, 41].
Decode-and-Forw ard (D F )
In  decode-and-forw ard p ro toco l (o r called ‘de tec t-and -fo rw ard ’ when considering uncoded 
system s), the relay f irs t decodes signals received from  the  source and then  re-encodes and 
re -transm its  them . The  des tina tion  combines the  signals received from  b o th  the source and 
the re lay fo r de tection  w ith  com b in ing  techniques, such as, M R C , E G C  and SC, to  enhance 
the  de tection  perform ance. I t  has been shown th a t the D F  p ro toco l is useful when relays are 
close to  the  source [30]. I t  should be noted th a t i t  is possible fo r re lay to  decode symbols in  
e rro r, w h ich  m ay resu lt in  e rro r a t the  fin a l de tection  a t the destina tion . Thus th is  p ro toco l 
can ’t  achieve the d ive rs ity  gain [10]. In  th is  context, selective D F  is proposed as an o p tim is tic  
approach to  achieve the fu ll d ive rs ity  gain in  h ig h  S N R  region. In  the selective D F , the  relay 
keeps s ilen t w ith  the  d irec t transm ission on ly  w hen i t  is no t able to  decode the  message; the 
relay is used w hen i t  can decode the  source’s in fo rm a tio n .
Com press-and-Forward (C F )
D iffe ren t w ith  the o the r two, in  th is  case the  relay forw ards a quantized and compressed 
version o f w h a t i t  receives fro m  the source to  the  destina tion . A t  the  des tina tion , the  signals 
received from  the source serve as side in fo rm a tio n  to  reconstruct the  re lay ’s observation. 
Subsequently, the destina tion  tries to  decode the  message by jo in t ly  processing the  received 
signals fro m  the  source and the  reconstructed observation o f the relay. T he  whole process 
in c lu d in g  quan tiza tion , compression, decompression and reconstruction  can be carried ou t 
th ro u g h  W y n e r-Z iv  cod ing [42, 43]. C F  p ro toco l can provide b e tte r perform ance when the 
relays are close to  the  des tina tion  [30].
Com pared w ith  A F  and D F  p ro toco l, C F  does n o t draw  as m uch a tte n tio n , especially in
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prac tica l im plem enta tions. In  th is  thesis, ou r m ain  focus is on A F  and D F  re lay ing  protocols.
2 .2 .3  C o d e d  C o o p e r a t io n
So fa r we have discussed the basic re lay ing  transm ission fo r uncoded system. The analysis 
can be extended to  coded system w ith  fixed channel codes applied. However, there is another 
type  o f cooperation th rough  coding, called cooperative coding [44] or coded cooperation [12]. 
I t  is developed from  D F  p ro toco l and com bined w ith  channel coding to  e xp lo it b o th  d ive rs ity  
gain and coding gain. I t  works by sending d iffe ren t po rtions  o f each user’s codeword v ia  two 
independent fad ing  paths (from  the source and the relay respective ly), as shown in  F igure  
2.3.
Hi-bit by itself % -bit by relay )
F igure  2.3: I llu s tra t io n  example o f codeword s p lit in  coded cooperation
The users’ da ta  is encoded in to  iV -b it codeword th a t is d iv ided  in to  tw o segments, con ta in ­
ing  N\ b its  and N2 b its , respectively. T he  N\ b its  are tra n sm itte d  from  the  source node 
itse lf, and the o ther N 2 b its  are tra n sm itte d  from  the  relay node a fte r i t  recovers the source 
in fo rm a tio n . A t the destina tion , the  fu ll codeword is reconstructed from  the tw o streams 
received from  the source and the relay according to  the  same s p lit t in g  ru le  used a t the trans­
m itte r. A fte rw ards, decoding is processed on th is  reconstructed fu ll- le n g th  codeword to  get 
the o rig ina l in fo rm a tion .
Coded cooperation proposed in  [12] considered convo lu tiona l codes as the channel coding in 
the transm ission design, where the  ra te -com patib le  punctu red  convo lu tiona l codes [1] were 
used to  s p lit the codeword fo r the source and the relay to  tra n sm it. The codeword fo r the 
firs t p a r t it io n  (N\ b its  in  the figure) is obta ined by p u n c tu rin g  a codeword w ith  a R C P C  
punctu re  m a tr ix , and the second p a rt it io n  (N2 b its  in  the figure) is made up o f the add itiona l 
code b its  punctu red  to  fo rm  the f irs t p a r t it io n  codeword. Compared w ith  the  coded A F  and
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D F  re laying, coded cooperation is shown to  have a b e tte r perform ance [12, 13].
In  the  above we have reviewed the  basic re lay ing  models and protocols. A n  im p o rta n t issue 
followed is, how much performance gain of cooperative communication with these relaying 
protocols can provide in wireless fading channels? In  the  fo llow ing  section, f irs t we review  
the  benefits o f cooperative com m un ica tion  fo r the  basic 3-node relay ne tw ork  w ith  d ifferent 
re lay ing  pro toco ls in  term s o f achievable ra te  and outage p ro bab ility . T hen  we provide  our 
novel perform ance analysis on the  average sym bol e rro r p ro b a b ility  fo r these protocols.
2.3 Outage Behavior of Cooperative Communications in Fad­
ing Channels
2 .3 .1  F a d in g  C h a n n e l
Considering the  b lock fad ing  channel, the  fad ing  is represented by a m u ltip lic a tio n  gain on 
the  tra n s m it signal. T he  b lock fad ing  is characterized by the fact th a t the  tim e  scale o f the 
channel changing is larger th a n  a tim e  slot. In  a tim e  slot, a b lock or fram e o f B  symbols 
is tra n sm itte d , and each o f the tra n sm itte d  sym bols undergoes the  same fad ing  value. The 
length o f tim e  over w hich the channel is assumed constant is referred to  as the coherence 
tim e. In  ou r m odel, the coherence tim e  is larger th a n  B  symbols.
We assume com m unica tion  where line o f s ight is no t present. U nder th is  assum ption, the 
m agnitudes o f the  fad ing  coefficients are assumed to  fo llow  a R ayle igh d is tr ib u tio n  [45], In
the  3-node relay ne tw ork, there are three channels involved, the source-to -destina tion  (SD ),
source-to-relay (SR) and re lay-to -des tina tion  (R D ) channels. L e t h{j, (i = s, r , j  = r,d) 
denote the  channel coefficient from  the node i to  node j.  The  netw ork channel s ta te  is defined 
by h =  ( hsd , h s r , h rci) -  T h is  d e fin ition  can be extended to  more com plex re lay netw orks w ith  
the  channel state o f a ll links  in  the  ne tw ork included. For each channel coefficient, we denote 
Nj = Ihij\2, w h ich follows an exponentia l d is tr ib u tio n  w ith  mean %  T he  d is tr ib u tio n  o f 
A ij is expressed as [45],
p(Nj) = y- exp(-i^ ), A^  > 0, (2.1)Aij Aij
and
F ( \ fj) =  1 -  e x p ( - ^ i ) ,  Xij >  0, (2.2)Aij
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fo r the p ro b a b ility  density fu n c tio n  (p d f)  and cum ula tive  d is tr ib u tio n  fu n c tio n  (cd f), respec­
tive ly. T he  param eter Ay captures b o th  the  pathloss and shadowing effect o f the  channel 
from  node i to  node j  d u rin g  transm ission, w h ich  is a fu n c tio n  o f the leng th  o f the  transm is­
sion lin k , and exponent k . I t  can be modeled by
A<3- =  G(2.3)
where dij is the  distance between the  tra n s m itte r and receiver, G is a constant th a t depends 
on the  p ropaga tion  environm ent [45]. In  th is  thesis, when the  effect o f the  node pos ition ing  
is taken in to  account, we use the  fo llow ing  m odel. We assume th a t the  distance between the 
source and the  destina tion  is norm alized to  1, and the re lay is located in  the  line  between 
the  source and the destina tion . T he  param eter d represents the  norm alized distance from  
the  source to  the relay, and (1 — d) is the  d istance fro m  the  relay to  the  destina tion . The 
norm alized Asr and Xrct fo r the  source-relay and re lay-destina tion  lin k  can be expressed as 
A ar = -fc, and Xrd =  ^  respectively.
2 .3 .2  S y s te m  M o d e l
Before we investigate the perform ance advantages o f cooperative com m unications w ith  the 
basic re lay ing  m odel and protoco ls, we make the  fo llow ing  assum ptions fo r analysis in  th is  
section. We assume th a t the cooperative nodes do n o t know the channel sta te  in fo rm a tio n  
a t the  tra n s m itte r b u t th a t i t  can be estim ated a t the receiver, and the es tim a tion  is w ith o u t 
error. We use the 3-node m odel in  F igure  2.2(a), assuming the  tra n s m it power a t the source 
and the relay are Ps and Pr, respectively. W hen  the noise power is denoted by Nq, the 
tra n s m it SN R  a t the source and the re lay are 7s = and 7r — respectively. We b rie fly
in troduce  the  transm ission  process under a TD D -based ha lf-dup lex  cooperative transm ission 
as follows.
In  the  d irec t transm ission phase, the  source in fo rm a tio n  b its  are encoded w ith  o p tim a l coding 
to  achieve Shannon capacity and then  broadcast to  b o th  the des tina tion  and the  relay, x s. 
T he  received signals a t destina tion , ysd, and the relay, ysr, are,
Usd ~  b 8(iX s +  Zsd (^ ,4 )
Vsr — hgyXs +  Zsr
where, £ { s , r , d} is the  w h ite  Gaussian add itive  noise w ith  variance N q .
(2.5)
2.3. Outage Behavior o f Cooperative Communications in Fading Channels 19
In  the  cooperative transm ission  phase, the  re lay forwards a ce rta in  version o f its  received 
signals to  the  destina tion , xr . For A F  p ro toco l, the  forw arded signal is the  am p lified  version 
o f its  received signal ysr w ith  the a m p lif ica tio n  fac to r a,
xr -  aysr. (2.6)
For D F  p ro toco l, the  relay recovers the  re tra n sm itte d  signal by es tim a ting  o f the  received 
signals,
x r = x s. (2.7)
T hen  the received signal a t the des tina tion  in  th is  cooperative phase is,
Drd — h rdX f  +  Zfd. (2 .8 )
As fo r the perform ance m etrics, outage p ro b a b ility  is com m only considered in  lite ra tu res,
w h ich  is a p rac tica l analysis to o l fo r the b lock fad ing  environm ent. A d d it io n a lly , outage 
p ro b a b ility  allows fo r analysis o f systems independent o f specific cod ing design and serves as 
a lower bound to  the fram e e rro r rate, m aking  i t  useful fo r the analysis o f coded cooperation 
as w ell [46].
R e fe rring  to  the 3-node m odel shown in  F igure  2.2(a), the m u tu a l in fo rm a tio n  1 (h )  is a 
random  variab le  as a fu n c tio n  o f the  ne tw ork  fad ing  channel state h. The outage p ro b a b ility  
is then  the p ro b a b ility  th a t the m u tu a l in fo rm a tio n  random  variab le  1 (h )  fa lls below a 
th resho ld  Ro chosen a p r io r i [10],
Rout =  P r [1 (h )  <  R o]. (2 .9 )
In  the next, we review  some results in  the lite ra tu res  on the  outage behavior o f cooperative 
com m unications in  fad ing  channels.
2 .3 .3  A v e r a g e  O u ta g e  P r o b a b i l i t y  o f  C o o p e r a t iv e  C o m m u n ic a t io n s
« Direct transmission (DT)
Here we show the  perform ance o f tra d it io n a l d irec t transm ission fo r reference. There  o n ly  ex­
ists the  d irec t lin k  from  the  source to  the  destina tion , thus the  m ax im um  m u tu a l in fo rm a tio n  
in  th is  case is given by [10],
Idt -  log2(l + |/isd|27s) (2.10)
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as a fu n c tio n  o f the  fad ing  coefficient |hs4|2. T he  outage p ro b a b ility  fo r the given threshold  
Rq is equivalent to  [10]
2Ro - 1'
P it  =  P r [ / "  <Ro]=  P r \h3d\ < Is (2.11)
For fla t R ayle igh fad ing  channel, \hsd\ is exponen tia lly  d is tr ib u te d  w ith  param eter o f , and 
the  outage p ro b a b ility  satisfies [10],
pdt ^  ~ 
r out ~  2
X 2Ro“1
Nd
(2.12)
in  h igh  S N R  region.
A mplify- and-Forward,
T he  basic 3-node A F  re lay ing  system produces an equivalent one-inpu t, tw o -o u tp u t com­
p lex Gaussian noise channel w ith  d iffe ren t noise o u tp u t levels. As deta iled in  [10, 47], the 
m ax im um  m u tua l in fo rm a tio n  is given by
I af =  i  log2 ( l  +  \hsd\2j s +  / ( | / i s r|27a, I M 27 r))
as a fu n c tio n  o f the ne tw ork channel state h = (hsd,hsr,h rd) defined before, where
xy
x + y + 1
T he  outage event given by I a f  <  R q  is w ith  the  p robab ility , 
P&  = P r [ /« /  <  f?0] =  P t
1 o2.Ro —1'
I M 2  + - / ( | M 2 7 s ,  \hrd\2lr) < - - - - - - - -Is 7 s
(2.13)
(2.14)
(2.15)
Le t 7 .; — 7r  — 7  fo r s im p lic ity , the  approx im ate  outage p ro b a b ility  in  h igh  SN R  range over 
R ayleigh fad ing  channels is [10]
1 o-L + o L \  ( 22^ 0 -  I s 2?afout sr t  vrd
2°-sd < a ld
(2.16)
where cr2r and o2rd are the  variance o f the  fad ing  channel o f SR and R D  lin k , \hsr\2 and |hr4 |2, 
respectively.
•  Decode-and-Forward
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In  D F  re lay ing  system, the re lay is requested to  fu lly  decode the source message. U nder such 
a scenario, the  m ax im um  m u tu a l in fo rm a tio n  can be read ily  shown as [10]
I df = ~ m in  {log2(l +  |M 27s)> k>g2(l +  \hsd\2p  +  \hrd\ 2lr)} , (2.17)
where the  firs t te rm  represents the  m ax im um  ra te  a t w h ich  the  relay can re lia b ly  decode the 
source message, w h ile  the  second te rm  represents the  m ax im um  rate  a t w h ich  the  des tina tion  
can re lia b ly  decode the  source message given repeated transm issions from  the  source and the 
relay. R equ iring  b o th  the relay and the des tina tion  to  decode the  en tire  codeword w ith o u t 
e rro r results in  the  m in im u m  o f the  two m u tu a l in fo rm a tions  here.
T he  outage event fo r ra te  R q is given by <  R q and is equivalent to
Pit = < Sol =
o 2 / ? o  _  1
m in { | / is r |2, \hsd\2 +  \h rd \2— }  <
Is  Is
(2.18)
In  the  case o f ys ~  j r — 7 > the  outage p ro b a b ility  in  h igh  SNR range can be approxim ated 
as [10] 1 22R° — 1
Pli "    ' C2'1®)
u sr J
I t  has been proved in  [10] th a t th is  k in d  o f D F  transm iss ion can ’t  p rov ide d ivers ity . Therefore, 
selective D F  re lay ing  p ro toco l is proposed.
•  Selective Decode-and-Forward
In  the  threshold-based selective D F  (SD F) p ro toco l, i f  the  measured \hs r \2 fa lls  below a 
ce rta in  th resho ld , the  source s im p ly  continues its  transm ission to  the  des tina tion  in  the 
re p e tit io n  form . I f  the measured j/ isr|2 lies above the  th reshold , the  re lay forwards w ha t i t  
receives from  the source to  the  destina tion . T he  m u tu a l in fo rm a tio n  fo r th is  case is,
pdf o f \  log2( l  + 2 ] M 27S), log2( l  + IM 27s) < Ro, ^  2Q^
I  k log2( l  +  \hsd?ls +  |% r i27 r), l0g2( l  +  \hsr\2p )  > Rq-
C onsidering 7S =  = 7 , a closed fo rm  expression fo r the outage p ro b a b ility  o f th is  selective
D F  over R ayle igh fad ing  channels as 7  —> 00 is given as [10] ,
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To evaluate the  d ive rs ity  ga in  achieved by the  system, d ive rs ity  o rder is defined, w hich is 
equivalent to  the  negative slope o f a p lo t o f the outage p ro b a b ility  versus SNR  in  decibels
log Pout(SN R)dn = lim  SNR—*00 S N R (2.22)
O bviously, fo r the  3-node re lay ing  m odel, d ive rs ity  order o f 2 can be achieved by A F  and SDF 
cooperation, compared w ith  d ive rs ity  o rder o f 1 fro m  d irec t transm iss ion and D F  re laying 
transm ission. For th is  3-node system m odel, A F  and SD F protoco ls achieve the  fu ll d iversity.
F igure  2.4: Average outage perform ance o f d irec t and cooperative transm ission
F igure  2.4 illu s tra tes  the  outage perform ance fo r d irec t transm ission, and cooperative trans­
m ission w ith  A F , D F  and SD F re lay ing  protocols. In  the  s im u la tion , the  relay is placed 
a t the  m id p o in t between the source and the  destina tion . The fad ing  channels are sim u­
la ted  w ith  pathloss and independent and id e n tica lly  d is tr ib u te d  (i.i.d .) f la t R ayle igh fading. 
There is no power a lloca tion  scheme used, and each node uses the same tra n s m it power. The 
th resho ld  ra te  is set to  be Rq — 1/ 2. T he  d ive rs ity  o rder can be observed as the slope o f 
outage p ro b a b ility  curves in  F igure  2.4. The  perform ance im provem ent and d ive rs ity  gain 
provided by A F  and SDF pro toco ls are also c learly  shown.
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In  the  above results, the form ulas (2.10), (2.13), (2.17) and (2.20) also measure the  m axim um  
achievable spectra l efficiency [48] o f these pro toco ls th ro u g h  the  A W G N  channel as a func tion
the form ulas fo r the ha lf-dup lex  cooperative com m unications. T h is  reflects the  decrease o f the 
spectra l efficiency because o f the  ha lf-dup lex  cons tra in t, w h ich  demands fo r new approaches 
to  im prove the  perform ance o f cooperative com m unications in  term s o f spectra l efficiency.
2.4 Average Symbol Error Probability
Perform ance analysis in  te rm s o f average sym bol e rro r p ro b a b ility  has been reported  in  
lite ra tu res  such as, [49]-[54]. However, the  exact average SEP in  closed fo rm  expression 
is d iff ic u lt to  find . Consequently, m any efforts have been pa id  to  find  the  app rox im a tion  
or bounds o f the exact SEP. N ext, we derive the  uppe r and lower bounds fo r A F  re laying 
pro toco l and approx im ated  SEP fo r D F  and SD F protoco ls. The derived average SEP 
perform ance is given in  closed fo rm  w ith  neat fo rm u la tion ; moreover, the  proposed bounds 
fo r A F  re lay ing  are tig h te r th a n  results reported  in  these lite ra tu res.
In  an A W G N  channel, the p ro b a b ility  o f sym bol e rro r depends on the received signal to  noise 
ra tio  (S N R ), denoted by 7 . For coherent de tection  o f m od u la tio n  such as P S K  and Q A M , 
the  sym bol e rro r p ro b a b ility  (SE P) can be s im p lified  and approx im ated in  the  fo llow ing  fo rm
where, a and b are param eters decided by the  m o d u la tio n  schemes, and the  Q -func tion  is 
defined as,
In  a fad ing  env ironm ent, the received SNR  is also a random  variable re la ted to  the  fad ing  
channel p roperties. Thus the  average e rro r p ro b a b ility , P  is an im p o rta n t perform ance 
c rite r ia  th a t can be used to  characterize the  random  variab le  7 . I t  can be calculated by 
in te g ra tin g  the  e rro r p ro b a b ility  in  A W G N  over the fad ing  d is tr ib u tio n  [56]. Therefore in  a 
re lay ne tw ork, the  average sym bol e rro r p ro b a b ility  is determ ined by the received SNR o f 
the ne tw ork 7  =  (7«d»7 a r.7 rd).
o f the ne tw ork channel state. Com pared w ith  the  d irec t transm ission, there is a fac to r o f \  in
[55]
V{y) «  aQ(0iry) (2.23)
(2.24)
(2.25)
2.4. Average Symbol Error Probability 24
where 7y  is the  received SNR  o f the  channel fro m  node i to  j ,  p (j)  is the  d is tr ib u tio n  o f 
the  random  variables 7 . I t  is also called average sym bol e rro r ra te  (SER). In  the  rest o f th is  
thesis, we do n o t d is tingu ish  average e rro r p ro b a b ility  and sym bol e rro r rate.
To compare cooperative com m un ica tion  w ith  d irec t transm ission, we firs t give the  SEP o f 
d ire c t transm ission. The received SNR  fo r d irec t transm ission is 7sd — |hsd|27s, w h ich  is an
exponen tia lly  d is tr ib u te d  variable w ith  m ean ysd 
SEP in  equation (2.25), i t  can be derived as [55],
cr2dys- Using the d e fin itio n  o f average
pdt = f aQ(v/feft)J_exp
Jo Isd, \  Is d J
(2.26)
2bysd 2ba2d 7s'
Note T ay lo r series are used a t the last step to  get th is  resu lt in  h igh  SNR  range.
In  the  nex t we derive the  average SER  fo r A F , D F  and selective D F  re lay ing  protoco ls w ith  
the  same system m odel considered in  Section 2.3.3.
2 .4 .1  A m p l i f y - a n d -  F o r w a r d
T he  a m p lif ica tio n  a in  (2.6) can be chosen according to  d iffe ren t res tric tions  o f the  system. To 
keep the  average energy per sym bol over the  consecutive frames equals its  average tra n sm it 
power, the fo llow ing  equation  should be satisfied [10],
thus,
a — Pr\hsr\2Ps + No
(2.27)
(2.28)
Obviously, the  received SNR  o f SD lin k  is ysd — \h3d\2ys, exponen tia lly  d is tr ib u te d  w ith  mean 
y3d =  o2dys. The received SN R  from  the  relay transm ission, i.e., the source-re lay-destination 
(S R D ) lin k  is,
\h r dOi\2 N o  +  N q
(2.29)
2.4. Average Symbol Error Probability 25
S u b s titu tin g  equation  (2.28) in to  (2.29) yie lds
la rd  — Y 1” , (2.30)
I r d  +  I s r  +  1
where, yrd — \hrd\2yr , 7ar — j%?-!27 .s, are b o th  exponen tia lly  d is tr ib u te d  w ith  mean yrd — 
cr2d7 r  and %r = o2rqa, respectively.
Because the  relay also am plifies the  noise i t  receives, the  noises o f SD l in k  and SRD lin k  are 
d iffe ren t. Noise no rm a liza tion  should be used firs t before com bin ing  to  keep the noise w ith  
the same variance. W hen  M R C  is used a t the destina tion , the overall received SNR is the 
sum o f the  SNR  o f SD and SRD lin k  as
7  f — tsd ysrd
  . T rd ls r (2.31)
— Is d  H-----------;----------—7  •
Ifrd  'Is r  1
In  h igh  SNR  region, the  ‘ 1’ in  denom ina to r o f (2.30) is reasonably neglig ib le  [52], and thus, 
(2.30) reduces to
la rd  « ZhZS-. (2.32)
I r d  +  Jar
T h is  expression is in  the  fo rm  o f ha rm on ic  mean o f tw o  variables, w h ich  is defined as follows. 
G iven tw o num bers, X \  and X 2, the  harm onic  mean o f X \  and X 2 is defined as [49]
M ( X u X 2) = (2.33)
In  the  fo llow ing, we derive the  uppe r and lower bounds o f the average SEP based on the  
harm on ic  mean.
2 .4 .1 .1  L o w e r  B o u n d
L e t X \  and X 2 be tw o i.i.d  exponentia l random  variables w ith  param eters f3\ and 02. T he  
p d f o f X  = p h (K  1, X 2) is given as [49],
P x ( x )  =  2® e ” 2( + + /? 2 )
T R 4- R 1 (2.34)• ^^^i(*v/AA) + 2iro(xv/AA) ,*>0,
where K q ( x )  and K 3 ( x )  are the zero~th and firs t o rder m od ified  Bessel fu n c tio n  o f the  second 
k in d , respectively.
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T h is  theorem  enables the p d f  o f qsrd to  be expressed in  a closed form . In  [50], the exact 
average SEP over R ayle igh fad ing  channels was derived from  th is  fo rm u la . However, the 
exact expression could n o t p rov ide  much ins igh t in to  the  system as its  com p lica tion , thus 
the  au thors proposed the  uppe r and lower bounds fo r it. Moreover, th e ir  derived bounds are 
n o t neat enough, w h ich  m o tiva ted  us to  get the  uppe r and lower bounds in  a neat form .
I t  is because o f the existence o f Bessel func tions  in  (2.34) th a t makes the  average SEP 
in trac tab le , w h ich  in troduce  com plica ted  m a them atica l com puta tion . Therefore, i f  we can 
fin d  some s im p le r replacem ent o f the  Bessel functions, the  prob lem  w ill be solved. In  h igh  
S N R  region, where x «  1, the  m od ified  Bessel fu n c tio n  o f the 2nd k in d  can be approx im ated 
as [57],
* » ( * )  =  (2-35)
where, T (n ) is the G am m a fu n c tio n  defined as T (n )  =  (n — 1)! fo r pos itive  in teger n. B y  
s u b s titu tin g  n — 1 ,2 in to  (2.35), we get K \(x) — X and K 2(x) — J j .
M eanw hile , the  fo llow ing  equation  gives the  re la tionsh ip  o f the  Bessel fu n c tio n  w ith  d iffe ren t 
orders [57],
x K n+\(x) =  x K n - \ ( x ) +  2 nK„(x). (2.36)
W hen n  =  1, by s u b s titu tin g  K \(x) — J and K 2(x) = f  in to  th is  equation, we get x K q(x ) = 
0 fo r sm all x.
The sm all argum ent o f x  is re lated to  the h igh  S N R  range in  our system, w h ich  is ju s t our 
m a in  focus here. Therefore, the  ha rm on ic  m ean can be s im p lified  to  have the  fo llow ing  lower 
bound:
Px{x) > ~(Pi +  {32)e~%^1+/32\  x  >  o. (2.37)
Consequently, the  p d f o f 7srd is lower bounded by,
P l s r d { x )  >  2px (2x)
= (A + ft)e^>+«.
T h is  shows th a t 7 srd is an exponen tia lly  d is tr ib u te d  random  variab le  as well, w ith  mean 
f j fp g  P a rticu la rly , r f i =  l / ( o 2d'yr), {32 =  l/(< 7I r 7s) f ° r  th is  system. T hus the  d is tr ib u tio n
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o f the  com bined SNR  7 “ ^ can be calculated as,
, larjrd7ad 7sr+7rd 
1
exp
2 LdVlrlslr
sd‘S ffdH+Pr'ya
x)dx
7 N1 — exp
lsd2
[  ( 7exp 2
L \
(Sfrd ±  7ar)7 \
Irdlsr J .
_  ™  (  ^ rd lr  L  0 2s r ls ) l \  
V ffdPsrlsLr
(2.39)
In  A p p e n d ix  A , by rep lacing A i and A2 by  and ysd in  equation (A .3) respectively, we
can get the above result.
T he  above fo rm u la  is in  the fo rm  o f sum o f tw o independent variables, c • i  exp , where
c is a ce rta in  constant. N ote th a t I  exp is in  the  fo rm  o f the p d f o f a Rayle igh fad ing
channel w ith  average received SNR 7 . Therefore, the  previous results in  (2.26) can be used 
here to  calculate the  average SEP fo r each te rm  in  (2.39) over the  R ayle igh fad ing  channels. 
T he  linear com b ina tion  o f ca lcu lated results fo r each te rm  makes the overall average SEP.
S u b s titu tin g  (2.26) in to  (2.39), the  lower bound  o f average SEP fo r th is  A F -re la y in g  p ro toco l 
is ob ta ined as,
_ POO
p a f , l ° w =  / a Q ( v/&7)pa/,low(7)rf7
Jo
+  r  a0(v^ )tt±22:eXp f_LV.+ > > A  d7
7sd Jo Irdlsr \  7rd7sr /
IrdDsr 7rd+7«r 
ffrd%r 7rd+7sr
7sd
Jrdlsr'Yrd+'Tsr
Jrd'YsrDrd+lsr £
^9+" “ 7sd‘ 2Drdlsr la
—  [  aQ (y/by)0~ exp ( - 0 ~ )  dy 
IsdJo 7sd \  IsdJ
O .S fc ^ g f -  \  (2-40) 7rd+7sr I
1 + 0-5NSS&
7 sd a ( ,  /  0.5bjsd
Ird+lsr
3 a
16 a + o ^ w ^ + ^ f e )
in  w hich, Tay lo r Form ula  has been used a t the last step to  evaluate the  square roo ts [details 
in  A p p e n d ix  A ]. In  the case o f the  same tra n s m it power a t the  source and relay, i.e., Ps — Pr
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and 7S =  7r , the above results can be simplified as,
3a 1.pdf,low
'  16 (1 +  0 .56^7.) ( l  +
3a ojd +  <7
(2.41)
4Jj2 „2 _2 ^2 ’asd rd s r ’s
in which, the last step is the further simplification in high SNR range.
2.4.1.2 Upper Bound
With small argument of x, the zeroth order modified Bessel function of the 2nd kind can be 
approximated as [57],
Kq(x) — — ln(cc), 0 < x «  1. (2.42)
It can be proved that the following inequality is satisfied with small x (See Appendix B for 
details),
—a;ln(rc) < 1  — 07, 0 < x «  1. (2.43)
Substituting this and K\(x) — ~ into (2.34), we have the following upper bound of the 
distribution of the harmonic mean X ,
Px(x) <
Pi +  P2----------------/----- 1 (2.44)
• + 2 ( l - x f p 1p2) ,x > 0 ,
Similarly, the pdf of 7srdf is upper bounded by,
Vlsvd{x) -  2px (2x)
<■ ( ft  +  ft)e-»<ft+A) -  4 f t f t x e - ^ + «  (2'45)
Pi + P2
Note this is a linear combination of two terms, term 1: . ( ^  p2 e^-x(Pi+/32) and
term 2: —4PiP2xe~x^ 1+^ 2\  These two terms can be calculated separately by combining
with the SNR of SD link, and averaging over the fading channels. The 1st term here only 
differs with the lower bound of the pdf of 7srd in (2.38) with a coefficient ■} hence
the average SEP contributed from the 1st term can be obtained easily. The 2nd term is
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negligible according to Appendix C. Therefore, the upper bound for the overall SEP over 
fading channel is,
noO
pa/,up= / aQ ( y 2/)p<‘/.«P(7)d'1
1 <2'46)
16 %  d +  l s r  ( 1  +  0 .5 6 7 s rf)  ( l  +
(2.47)
In high SNR range, assuming ys — yr, this upper bound is approximated as,
paf,up _  3a (crrd +  Q’sr)2 _ ______________1______________
16 ard + asr (1 +  0.56a2d7a) ( l  +
^  3a (a"rd +  O'sr)
~  rr2 a 2 rr2 'Y2 'sd rd sr is
2.4.1.3 Other Results
Meanwhile, as is well known, has the following bounds,
|m in (X 1,X 3) <  xXj f x 2, (2-48)
and
< min(A"i,X2)- (2.49)X i + A 2
min(Xi, X2) is also exponentially distributed with mean [58]. We can use these two
inequalities to get the lower and upper bounds of 7srd and 7 + , and the overall average SEP 
over Rayleigh fading channels as details in Appendix A. The lower and uppwer bounds for 
average SEP calculated in this method are given as,
paf.L =  3 o ------------------------ 1--------------------_  (2 50)
16
and
'Pa f ' °  = ^  :------------r r — ,  \ ■ (2 .5 1 )
16 (1 + 0 - 5 ^ )  ( i + t a t r ) ’
respectively; while the approximation in high SNR range are,
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2 2
p a f ,U  ^  °Vrf  +  a sr ,<y r o \
2 b2 a2 CT2 rr2 'Y 2 ' ^ ^z o  sd rd sr is
Compared with previous proposed bounds in (2.40) and (2.46), this lower bound PaLL is 
identical to the bound p af>low, However, the previous upper bound in (2.47) is tighter than 
in (2.53). This is because (tyTrd +  x/lsr)2 < filrd +  7sr). They only equals to each other 
when 7rd =  j sr, i.e., the SR and RD link has the same average received SNR.
More insightful understanding of the cooperative communications can be acquired with the 
lower and upper bounds proposed in this thesis compared to the results in [50, 52]. The 
average SEP over Rayleigh fading channels in Ribeiro’s paper [52] is shown in the following 
equation (2.54). The lower and upper bounds in Anghel-Kaveh’s work [50] are shown in 
equation (2.55) and (2.56), respectively.
jRibeiro  8 a  / I  1 1 1
R =  772 —  + —  —  (2-54)
4 t ?  \ 7 rd I s r J  I s d
pAnghel-Kaveh.Km =  Y(1 +  0.5&7sd) (1 + 2 ^ ^ " )  )  W(1,M) (2.55)
V \  Trd + 1st J J
pAnghel—K aveh,up =  2(0.56)“ 2 ( TUOYJLL] * W(l, M) (2.56)
\  I r d  +  7.9?' /
where, W (1,M ) =  £ (sin
As a matter of fact, the upper and lower bounds of Anghel-Kaveh’s work were derived
following the inequalities in (2.48) and (2.49), but are not given in a neat form as in our
derived results in (2.50) and (2.51). Moreover, with the same reason, our proposed upper 
bound in (2.46) is tighter than Anghel-Kaveh’s upper bound in (2.56).
Here we compare these results in a BPSK system, where a =  1 and b — 2 in the Q-function 
shown in (2.23) [55]. As a result, the Anghel-Kaveh lower bound can be simplified into the 
same with our proposed lower bound,
>paf,low _  pAnghel—Kaveh,low _  _3_  ^ _________ 1_________
16 ( i  +  % 4)(i +  ^ f e ) '
Clearly, compared with (2.55), the proposed lower bound has a more compact formulation. 
In high SNR range, ‘1’ can be omitted in the denominator in (2.40), thus it is simplified as
paf,low pRibeiro _  _ Trd +  Jsr eq\
16 'Jsd'Yrdl'sr
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This implies that the Ribeiro’s result serves as an approximation of the proposed lower bound 
here in high SNR region.
For upper bound in high SNR range,
p a f , u p  ^  3{cTrd +  &sr)  ^  ^sr)  _  An g h e l -Kaveh,up
~  l ^ 2sdalda1rls ~  ^ l d a lda2s r l 2s 
The proposed upper bound is tighter than the Anghel-Kaveh bound.
(2.59)
Next these results are compared in a QPSK system with a — 2 and 6 = 1. In hish SNR 
region, we have
po/,lo» «  pmeiro =  |  . y / y  (2.60)
2 Jsdlrdlsr
which implies that the Ribeiro’s result is an approximation of our lower bound. With the 
same reason as in BPSK system, the proposed upper bound is tighter than the Anghel-Kaveh 
upper bound when the SR and RD link are with different SNR. For the lower bound, which 
can be simplified as below,
'pafjow _  8  J
(1 + 0 .5 ^ )  ( l  + 0 . 5 ^ )  ^
. sp Anghel-Kaveh,low _  0.3608
(1 +  0.57“ ,) ( 1 +  0 '5 * f e ) '
As a result, the proposed lower bound is also tighter than the Anghel-Kaveh lower bound 
for this higher order modulation, QPSK.
2.4.1.4 Simulation Results
Figure 2.5 shows the simulation of the proposed bounds, Ribeiro’s [52] and Anghel-Kaveh’s 
[50] results for BPSK system. In this simulation, the average transmit SNR at the source 
and relay are ranging from 0 to 20dB. We assume the relay is close to the source, resulting a 
20dB high average received SNR in SR link than the SD and RD link. As has been discussed, 
the proposed lower bound is the same with the lower bound proposed by Anghel-Kaveh, thus 
the latter is omitted in the figure. From the figure, it’s clearly shown that the proposed lower 
and upper bounds serve as the bounds for the simulated performance tightly. The simulation 
results also show the Ribeiro’s result is an accurate approximation of our lower bound in 
high SNR range; while the proposed upper bound is much tighter than the Anghel-Kaveh 
upper bound (‘A-K’ in the figure).
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Figure 2.5: Bounds comparison for BPSK system
Figure 2.6 also illuminates the comparison of the proposed bounds and other results in QPSK 
system, which is in line with our discussion above.
2 . 4 . 2  D e c o d e - a n d -  F o r w a r d
When the relay can’t decode the data from the source, but still forwards to the destination, 
the final decision will be wrong with high probability. We treat this as error probability of 
1 (or 0.5 when considering BPSK in the simulation). Thus the overall symbol error rate is,
Vdf =  V sr  • 1 +  (1 -  Vsr) • Vsrd (2.62)
where VSr is the symbol error rate of the SR link, and Vsrd is the symbol error rate after 
the MRC performed at the destination. By integrating over the fading channels, the overall
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average SEP is calculated as,
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(2.63)
in the case of the same transmit power at the source and the relay. The result is easily 
extendable for general cases without this condition.
2.4.3 Selective Decode-and-Forward
In selective DF relaying, there are two cases for the transmission: the source and the relay 
takes each slot, or the source takes up both transmission phases. The symbol error rate for
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these two cases are denoted by Vssd and Vsrd,, and the overall SEP is given by,
— Vsr ’ Pasd +  (1 — Vsr) * Psrd- (2.64)
The resulting average SEP over Rayleigh fading channels is,
r oo  . r oo
Vsdf =  Vsr /  aQ(\j2bf) • P-yssd(l)d'Y +  (1 -  Vsr) • / aQ(fbq)plsrdQ()dq 
Jo Jo
~  2 6 a |r7s 46cr2ri +  V 26<jfr7s /  462a 2dcr2d7 2
. 4- fi/T2  ^ 1
For diversity systems, the average symbol error rate can be expressed in the form as [55],
in. the high SNR range, where C is a constant that depends on the specific modulation and 
coding, 7  is the average SNR per branch, and dg shows the diversity gain of the system.
observable from the SEP performance. Referred to our analysis results above, the diversity 
gain for AF and SDF protocol is 2, while for direct transmission and DF relaying is 1, This 
is in line with the analysis from the average outage probability.
In the following, we give the simulation results for the average SEP of the discussed protocols. 
In the figures, ‘MA’ denotes the 2 x 1 multiple antenna system, which is the special case with 
perfect source-relay channel as a performance lower bound for the cooperative transmission. 
The block size B is set to be 1 and 128 in Figure 2.7 and Figure 2.8, respectively. The 
performance benefits of AF and SDF are clearly shown, both of which are quite close to the 
performance of multiple antenna system in high SNR region. If the system is assumed to 
transmit block by block, for large block size, AF protocol outperforms the SDF protocol.
2.5 A d ap tive  T ransm ission Techniques
v  = Cq~do (2.66)
Therefore, the diversity gain provided by cooperative transmission in fading channels is also
It is well known that wireless fading channel is a fundamental challenge for wireless commu­
nications. The rapid variations of channel gain due to shadowing and multi-path propagation
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Figure 2.7: Average SEP of direct and cooperative transmission (.6 = 1)
can dramatically reduce the reliability of the communication. Meanwhile, the limited avail­
ability of wireless spectrum raises another challenge. The lack of spectrum for expansion of 
wireless services requires more spectral efficient communications in order to meet the increas­
ing service demands. As this is the case, adaptive transmission techniques were proposed and 
considered to be a top candidate in the wireless communications for classic point-to-point 
communications [59]-[62]. The adaptive techniques can cope with the time varying nature 
of the wireless channels by changing the transmission parameters according to the channel 
quality and improve the spectral efficiency. The basic premise is to estimate the channel at 
the receiver and feed this estimation back to the transmitter, so that the transmission pa­
rameters can be adapted relative to the channel characteristics. There are many parameters 
which can be varied at the transmitter including data rate, power, coding, error probability 
and combinations of these adaptive techniques [56]. The adaptive techniques have been well 
investigated for the classic direct communications. In this section, to better understand the 
adaptive techniques for cooperative communications, it is instructive to first review some 
well-known results for direct transmission.
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Figure 2.8: Average SEP of direct and cooperative transmission (B=128)
In the earlier research of cooperative communications, the major efforts have been paid on 
exploiting efficient relaying protocols and coding schemes [10, 11, 63]. At this stage, adaptive 
techniques were not considered. Without knowing the channel conditions or the amount of 
resources available, nodes in the network were given a fair opportunity of utilizing the radio 
resources. Later on, the adaptive transmission for cooperative communications began to 
drawn research interests to further improve the system performance. This has opened a 
relatively new research area for cooperative communications. We will briefly review some of 
these works later in this section.
2.5.1 Adaptive Transmission for Classic Communications
Figure 2.9 presents an adaptive transmission model for classic communication systems, based 
on the model in [56]. The transmitter applies some form of coding, modulation or power 
control to the input information bits with respect to the varying channel conditions.
Referred to this figure, the channel gain h(i) or received SNR q(i) at time i is estimated at 
the destination and fed back to the transmitter. The transmitter thereafter adapts transmit
2.5. Adaptive Transmission Techniques 37
Feedback
Figure 2.9: System model for classic adaptive transmission
parameters accordingly. The most common parameters to adapt are the data rate R(i), 
transmit power P(i) and coding parameters C(i). In this thesis, we assume the channel 
feedback is delay-free and error-free unless otherwise mentioned. When the context is clear, 
we omit the time reference i relative to 7 . The details of these techniques are described as 
follows.
Adaptive power techniques
Adapting the transmit power P(7 ) is generally used to compensate for SNR variation due 
to fading. Normally the error probability or received SNR is maintained fixed by adapting 
the transmit power. This can be used when the source has applications that transmit data 
to be kept at a constant rate.
Adaptive rate techniques
In this case, the data rate R{7 ) is adaptively changed to improve the throughout or spectral 
efficiency when the source application allows for variable rate transmission. This can be 
done by fixing the modulation but changing the symbol rate. Symbol rate variation is 
difficult in implementation since a varying signal bandwidth is impractical and complicates 
the bandwidth sharing. In contrast, changing the constellation size or modulation order 
with a fixed symbol rate is easier in practice, and this technique is used in many current 
communication standards [64] [66], also called adaptive modulation.
Adaptive coding techniques
In adaptive coding transmission, different channel codes are used to provide different coding 
gain C(i) of the transmitted bits, i.e., a stronger channel code is used when the channel gain 
is small, with a weaker code or no coding used when the channel gain is large. Adaptive
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coding can be implemented by multiplexing together different codes with different error 
correction capabilities. An alternative technique to code multiplexing is RCPC codes [1]. 
The basic concept of RCPC codes is to have a single encoder and decoder whose error 
correction capability can be modified by puncturing the full-rate convelutional code. This 
makes it very easy to adapt the error correction capacity of the code with the same encoder 
and decoder used for all codes in the RCPC family, only by puncturing at the transmitter 
to achieve the desired error protection capability.
In practice, hybrid adaptive techniques can be used to adapt multiple parameters of the 
transmission schemes, including rate, power, coding and error probability. In this case, joint 
optimization of the different techniques is used to meet some given performance target.
2.5.2 Adaptive Transmission for Cooperative Communications
With the review of traditional direct communications, in which adaptive techniques have 
played an important role for their advancements, it is an interesting topic to investigate the 
adaptive techniques for cooperative communications to further improve their performance. 
Meanwhile, due to the half-duplex limitation of many practical systems, especially with 
the stronger orthogonal channel requirement, extra time or frequency is needed for the 
relaying transmission in cooperative communications. The spectral efficiency of cooperative 
communications is severely affected by this half-duplex operation, which has been illuminated 
in the last section for the performance of cooperative protocols in terms of spectral efficiency. 
As this is the case, investigating adaptive transmission for cooperative communications is of 
great significance.
However, the adaptive transmission for cooperative communications is not the same or a 
direct extension of the classic direct transmission systems. In direct transmission, there 
is only one link in the system to be adaptively changed according to its channel variance. 
In the case of cooperative communications, the system performance is jointly determined 
by all the nodes and links in the network. Taking adaptive transmission for the simplest 
3-node relay network in Figure 2.10 as an example, both the source and the relay can 
adjust their transmission parameters, which results in source-to-destination, source-to-relay 
and relay-to-destination links to be adaptively changed. This is a ‘multi-link adaptation’ 
problem. Therefore, the adjustable parameters are increased to power, rate, and coding 
parameters at the source Ps (7 ), Rs(7 ) and Cs(7 ), and these ones at the relay, -Pr (7 )> Rrigf)
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and Cr(j). Meanwhile, note that each parameter is related to the network state information 
7 , which involves at least three independent channels; while in classic communications, only 
a single link channel gain h is involved. This hugely increases the complexity of the adaptive 
transmission design in cooperative communications. Lots of novel research efforts are needed 
to solve this problem. Based on various cooperation protocols and network configurations, 
adaptive transmission has started to draw attention in recent research. Here we highlight 
some work in this area.
Figure 2.10: System model for multi-link adaptation of relay networks 
A d a p tive  pow er techniques
Among these proposed transmission strategies, the adaptive power allocation was performed 
based on perfect instantaneous CSI at transmitter side to adaptively allocate power targeting 
on better BER performance in [16, 67], or higher achievable rate [17]-[19] [68, 69]. On the 
other hand, due to the transmission delay and the processing delay both at transmitter and 
receiver, the CSI feedback at the transmitter becomes outdated, unless the channel variations 
are sufficiently slow [70]. Adaptive transmission schemes based on average channel SNR
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have been proposed [20]-[23][71]. Another kind of CSI imposes a bandwidth constraint on 
the feedback channel which is only able to communicate a finite number of feedback bits per 
block [72, 73]. Studies under limited feedback were presented in [74, 75] from the information 
theory point of view.
The basic idea of these power allocation strategies is to use the power more efficiently ac­
cording to the channel conditions under some power constraints. Individual power constraint 
on the average long term transmit power E[PS(7 )] =  Po and E[Pr(7 )] =  Po is considered 
in some strategies, where E[-] is the expectation, and Po is the fixed power threshold. By 
allowing a total power constraint Ps +  Pr < Po, the power can be allocated among all the 
transmit nodes. More feasible power control policies are available as a result of the total 
power constraint [74]. Most of these works consider the one way relay channel, and our later 
chapter presents our novel work of adaptive power allocations for two way relay channel with 
the knowledge of channel mean strengths only.
Adaptive modulation techniques
Compared with the flouring research in adaptive power allocation for cooperative commu­
nications, the adaptive rate transmission is less considered. Variable rate transmission for 
a two-phase cooperative communication system was investigated by adjusting the transmis­
sion duration of source and relay in [76]. Adaptive rate control strategies to maximize the 
throughput were considered in [77]. Many efforts have been paid to work on the performance 
with the information theoretic properties, which are very important guidelines for strategy 
design. However, there is considerable amount of research that needs to be done not only 
enjoying the benefits of adaptive transmission but also becoming practically realizable.
Adaptive modulation schemes were proposed in [24]-[26] [78]-[80], in which the source and 
the relay were supposed to use the same modulation. For AF relaying protocols, the relay 
simply amplifies what it receives from the source to the destination. As a result, the adaptive 
modulation is limited to the case with the same modulation at the source and the relay, i.e., 
Ps(j) = Pr(7 )’ On the contrary, in the case of DF relaying, the relay can choose a different 
modulation format to forward the data. This provides extra degree of freedom. However, 
the adaptive modulation allowing different modulation formats at the source and the relay 
has been seldom considered.
The adaptive techniques in terms of coding haven’t received too much attention either, 
especially jointly considered with some practical channel codes, which remain with great po­
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tential. In one word, the loss of spectral efficiency in half-duplex cooperative communications 
has not been well solved yet. Considering the effectiveness of adaptive transmission and new 
issues with multiple links in relay networks, there are great opportunities and challenges for 
the multi-link adaption in half-duplex cooperative communications. This gives us chances 
to add to this research area with some novel results from our investigation, including the 
adaptive power transmission in AF relaying system, adaptive modulation for DF relaying, 
and adaptive coding for coded cooperation. By the multi-link adaptive transmission, the 
performance of cooperative communications in fading channels will be further improved. 
The performance improvement is in terms of or can be easily translated to large spectral 
efficiency gains.
2.6 Sum m ary
In this chapter, we briefly reviewed the basic models and relaying protocols for cooperative 
communications. The performance of different relaying protocols in terms of average SEP 
was derived, of which some proposed bounds were shown to be tighter than some related 
work. In addition, inspired by the single link adaptive transmission techniques for the point- 
to-point communication, some recent research on the adaptive transmission for cooperative 
communications was reviewed.
The basic relaying architectures with relaying protocols including AF, DF, and CF were 
introduced in this chapter. Coded cooperation is developed from the DF relaying combined 
with channel coding to enjoy both the diversity gain and coding gain. The 3-node relaying 
channel is the basis for all cooperative communications. With multiple parallel relays dis­
tributed between the source and destination, parallel relay model can be developed to enjoy 
more diversity gains. While there is bidirectional transmission in a relay network, the spec­
tral efficiency can be improved in this two-way relay channel. Besides the 3-node relaying 
model, these models will also be considered later in the thesis.
The performance of AF ,DF and Selective DF in terms of average SEP were derived. The 
proposed upper and lower bounds for AF relaying protocol were proved to be tighter than 
some state-of-the-art performance analysis. The derived performance has shown the diversity 
gain cooperative communications can provide over the direct transmission. Meanwhile, the 
cooperative communications have severe losses in spectral efficiency compared with the direct 
transmission because of half-duplex constraint.
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To overcome this, adaptive transmission techniques could be considered, because of their 
effectiveness leading to spectral efficient systems for classic point-to-point communications. 
In conjunction with the adaptive techniques, the problem in cooperative communication has 
turned out to be a multi-link adaptive transmission. The transmission parameters including 
power, modulation and channel code can be adaptively changed with respect to the network 
channel state information. Some recent research has begun to consider adaptive power 
allocation for cooperative systems, while the adaptive modulation and coding have not been 
not well investigated, particularly for the DF relaying. This motivated us to add some 
novel adaptive transmission schemes to this area to further the performance of cooperative 
communications, and improve the spectral efficiency.
C h a p t e r  3
A d a p t i v e  P o w e r  A l l o c a t i o n  f o r  A F  
R e l a y i n g  C o o p e r a t i o n
3.1 In trod uction
AF relaying is a simple but effective protocol to provide diversity gain as reviewed in Chapter 
2 . However, due to the half-duplex operation, the spectral efficiency has been decreased. This 
can be reflected in the pre-log factor of  ^ in the mutual information expressions [10]. In view 
of the spectral efficiency loss in half-duplex cooperation, a new two-hop relaying protocol 
namely bidirectional relaying transmission (or two-way relay channel) was proposed in [37]. 
This is developed from the two-way communication problem first studied by Shannon in 
[81]. Since then, a lot of research efforts have been paid to find the fundamental capacity 
limit of this special communication model. However, the capacity for this seemingly simple 
channel has not been found to this date. Recently, the increasing research activities towards 
combination of the two-way channel and the relaying system has shown the importance of 
this model to improve the spectral efficiency over one way relay system [37, 38]. In this 
model, two source terminals transmit to the relay simultaneously in the first phase, and 
in the second phase the relay transmits some forms of the received signals to both two 
sources. The relay can exploit AF protocol based on transmit power constraint, DF protocol 
or network coding schemes before the transmission [38, 82]. As a result, there are two traffic 
flows in a bidirectional cooperative network and they are supported by the same physical 
channel concurrently. Although each traffic flow still has the pre-log factor  ^ in its mutual
4 3
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information expression, the total mutual information of the network, which is the summation 
of the mutual information of both traffic flows, no longer suffers from the pre-log factor | .  
Therefore, bidirectional cooperative networks have much higher bandwidth efficiency than 
the traditional one way relay networks.
The achievable rate of the bidirectional relay network was investigated for deterministic 
channels in [38]. For more efficient use of the power resource, the optimal power allocation has 
been considered. In [83, 84], the power allocation was to maximize the system capacity and 
achievable rate for the deterministic channel; while a fixed power allocation ratio independent 
of channel quality was given to improve the upper bound of the average sum rate in [85].
In this chapter, we have added to this area by investigating adaptive power allocation for 
AF bidirectional relay system under total power constraint. Different with the previous 
work considering deterministic channel with perfect CSI at the transmitter side, here we add 
to this body of knowledge by determining simple power allocation strategies that require 
knowledge of only the mean strengths of the channels. The first strategy was to improve 
the average sum rate in high average SNR region in fast fading channels. To avoid one of 
the terminals suffering from severe outage, the outage probabilities of individual terminals 
were derived, which can’t be optimized at the same time. Accordingly, the second power 
allocation strategy was proposed to make a trade-off between these two terminals. It was 
shown by the numerical results that the proposed strategies outperformed the fixed equal 
power transmission in the average sum rate and individual outage probability, respectively.
3.2 S ystem  M odel
In order to increase the spectral efficiency of relay network, the bidirectional relay commu­
nication between two terminals whereas the relay assists in the two way communication was 
proposed. A simple example for such a scenario is the communication between two wireless 
routers that communicate with each other through the help of a relay terminal due to the 
lack of direct connection.
3.2.1 One Way Relay Network
Under this scenario, we consider a one way relay network first for comparison. Without the 
direct link transmission from the source to the destination, the destination detects signals
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based on the source-relay-destination link only. Considering a coded system with optimal 
coding for Shannon capacity, the achievable rate for this AF relaying transmission (2.13) in 
Chapter 2 should be modified as [37],
R =  g loS2 ( 1 +
I hsr |21 hrd 127s7r (3.1)
1 +  |/isr|27s + |%d|27?’
where hsr and hrd denote the channel coefficients of SR and RD link respectively, ys and yr 
are the transmit SNR at the source and the relay.
Considering fast fading channels, the average achievable rate over fading can be expressed
as,
E[R] ~ E -  log2 I 1 + \Jhir_ \2 \ K d \ 2l s l r  
1 + |/isr|27s + |%d|27r
According to Appendix D, this is bounded by
1 +F[R] < -  log2 ( 1 +  E | hsr |21 hrd |2 7s Tr
1 + |/rSr|2'7s + |%d|27r_
(3.2)
(3.3)
It is apparent that the average ahiveable rate is related to the average SNR at the destination, 
and an upper bound of the average SNR can simplify this as [22],
E[R] < g lo§2 ( 1 +  E Xsr Xrdlsfr
1 + Xsr'Ys +  Xpdl/r.
where Xsr and Xrd denote the channel mean strength as, Asr = E[\hsr\2], Xrd — E[\hrd\2}-
(3.4)
3.2.2 Bidirectional Relay Network
Consider a three-node bidirectional relaying system consisting of two terminals, Si and S2, 
one relay node, R, shown in Figure 3.1 [37].
In Phase I, Si and S2 transmit their signals simultaneously to the relay and the received 
signal at the relay is given by
Up — h\X\ "I- h2x2 H- Zp (3.5)
where xi and x2 are the transmitted signals with transmit power Ps from Si and S2 re­
spectively, hi and h2 are independent complex gain of channels from Si and S2 to R with 
Rayleigh fading, and zr is the complex additive white Gaussian noise with noise power Nq. 
The channel mean strength of these two channels are Ai =  F [|/ii|2] and A2 =  E[\h2\2], 
respectively. The channels are assumed to be invariant for the consecutive two phases.
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Figure 3.1: Two-pliase two-way relay channel model
At the relay, with amplification factor a , the received signal is broadcast to both terminals 
in Phase II. Then, the received signal at terminal Sjt, k — 1,2 is,
Vk =  hk (atyR) +  zk. (3.6)
With the knowledge of its own signal at each terminal, the self-interference part can be 
subtracted from yk resulting yk as,
yk — ah\h2Xj -f- ahkzr +  zk, (3.7)
where j  =  2 for k — 1 and j  — 1 for k =  2.
The received SNR for singles form Si and S2 to the other are now given by,
a2 \h \2 |h2\2
a2 |/i2|2 + 1
and
..  \n  f qN
7 i =  0 ;; 72 — — J s , (3 .8 )
a m\ U2 fry n\
7 2 =  ol7 ',2": ; - 7a,  (3-9)2N 2M *
a 2 |f t , |2 +  l
respectively, where 7S =  Ps/N0 and yr =  Pr/N0 are transmit SNR for the source and the 
relay. Especially, if the amplification factor a is chosen subject to the power at the relay Pr 
as [85], ____________________
a =
\hy\2Ps + M 2Ps + N0 
Substituting (3.10) into (3.8) and (3.9), the received SNR 71 and 72 are simplified into,
[h i | 17^ 2[ 7 s7 r
(3.10)
71
|h i j 2 7 s +  |/ i2 |2 (7 s +  7 r ) +  l ’
(3.11)
~ -  |6-i|2 \h212 7s7?’ /o 12n
2 !h2i27s + l^ i|2(7s + 7r) + l
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In most early publications, it is assumed all the three nodes transmit with the same power, 
ps — p.n namely equal power allocation in this thesis. However, the performance of this 
system can be improved by adaptive power allocation subject to available channel state 
information feedback. Next we propose two different power allocation strategy with the total 
power constraint in high average SNR range: 2Pa +  Pr = Pq. The total power constraint 
is widely considered in relay networks to provide useful insight into the relay optimization 
[86 , 87]. Practically, this can be motivated by the fact that in networks such as sensor 
network, where the long-term power consumption is a major concern, restricting the total 
power is usually an effective approach to satisfy this constraint. In addition, by allocating 
power among nodes in the network with total power constraint, better performance can be 
achieved compared with the individual power constraint in each node [88].
3.3 Pow er A lloca tion  Strateg ies
3.3.1 Average Sum Rate
Define Rk =  \  log2 (1 +  7/.), k =  1,2 denotes the two source nodes. Consider fast fading 
channels in this case, we use the average sum rate as the performance metric for the proposed 
power allocation strategy. The average sum rate of the bidirectional AF relaying is given by
E[R]=E[R1}+ E [R 2}
1 (3-13)
— -F[log2(l +  7 i) ( l  +  72)],
Define a parameter 0(0 < 0 < 0.5), as the power ratio allocated to each terminal over the 
total power Po. Thus, each terminal transmits with power Ps — 0Pq, and the relay with 
power Pr =  (1 — 20)Pq. Let 70 =  Pq/Nq denote the total transmit SNR, thus, ys =  /?7o, 
7r =  (l — 2/3)7o. With the above consideration, the proposed solution is to solve the following 
cost function
jpU f t  , 0 ( l - 2 0 ) X 1X2yQ\  /  , / ? ( 1 - 2 / ? ) A iA 27o M  . n ^  ^  n ,
T *  [ +  ( ! - / % )  \  ( 1 - / ? ) * , + /3A2 ) J ’ ( •  )
However, optimization based on E[R] is still an open mathematical problem to this date, 
because the closed form expression of the average sum rate is not found yet. Inspired by 
the work in [22], we have derived an upper bound of E[R]. Based on our many simulations,
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beta
Figure 3.2: The relationship of actual average sum rate and proposed upper bound vs. 0
we have found that this upper bound have the similar trend vs. 0 with the actual average 
sum rate. In figure 3.2, we provide some simulation results to compare the relationship of 
E[R} and our proposed upper bound. In the simulation, the transmit SNR is set to 20dB, 
and the relay is set to be close to one of the source with a normalized distance of d = 0 .1. 
It is clearly shown that that these two curves have the same trends with respect to the 
power allocation parameter 0. Generally speaking, maximizing the upper bound doesn’t 
always lead to the improvement of the actual average sum rate. However, based on the these 
simulation results, this provides a simple solution to improve the average sum rate requiring 
the knowledge of channel mean strengths. The simulation results in later sections prove 
this solution is effective compared with the equal power allocation and some results in the 
state-of-the-art work. This strategy also provides performance close to the optimal solution 
by exhaustive search.
Therefore, we provide a solution with the optimization problem to maximize the following
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upper bound
2
2 '
i  2
^ ] < 7 X 1oS2(1 +  £:W )
k =1
<  I  log, (1  +   A  (3.15)
2 \  Ai7 s +  A2 (yfi +  7 r ) +  1,
+  I l o g 2 ( l  +
2 V %7s +  Ai(7s +  7r) + 1, 
where the 1st step follows Jensen’s inequality (See details in Appendix D), and the 2nd step 
follows the computation of average SNR in [22]. In the high SNR region (gtjj >>  1 , j  =  s, r), 
this upper bound can be approximately written into
E[R] < i  logs ( -rr-------- - 7 ------^ . (3.16)
2 \ ( A i 7 +  A2(7s +  Jr)) (A27a +  Ai(7s +  Jr)))
Then, our objective reduces to maximize (3.16) subject to the total power constraint in 
(3.14). Due to the employment of Jensen’s inequality, the upper bound (3.16) is not tight 
enough. Optimization based on (3.16) does not offer an optimum solution to (3.14). On the 
other hand, our numerical results show that the proposed optimization scheme outperforms 
the state-of-the-art power allocation schemes in terms of average sum rate.
Substituting 0 into (3.16), our power allocation strategy is to determine the optimal 0 which 
can maximize the following as,
ma;c ^  -  2 /+ Ai + o  ■ t Q < 0  ;  0 5 (3 17)
0 0 3 A ,+ (1 - /? ) A 2) ( (1 - /? )A ,+ /3 A 2) ’ 0 < ^ < 0 '5 ' (3- 7)
To investigate the optimality of this problem, we have the following proposition.
Proposition 1: The optimal solution to (3.17) exists and is in the area 0  € [0.1910,0.25].
Proof: a. The first order derivation to the denominator and numerator of (3.17) are (1 — 
20) (Ai — A2)2 and 20(20 — 1) (4/3 — 1), respectively. Therefore, the denominator of (3.17) 
is an increasing function of 0 in (0,0.5); the numerator is an increasing function of 0 in 
(0,0.25] and decreasing function in (0.25,0.5). Then (3.17) is a decreasing function of 0 in 
(0.25,0.5).
b. Take the first order derivation of the function in (3.17), then the property of the function 
is determined by
/(/3) =  (4/33 -  6/32 +  /3)(Ai -  A2)2 +  2(1 -  4/3)A1A2. (3.18)
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W hen 0 <  0  < =  0.1910, 4/53 — 602 +  0  > 0, f ( 0 )  >  0, f ( 0 )  in (3.17) is an  increasing
function.
As f { 0 )  in  (3.17) is a  continuous differentiable function in (0,0.5), there is a t least one local 
m axim um  point w ith f { 0 )  =  0 in [0.1910,0.25]. I t  is easy to  prove th a t the cubic equation 
f ( 0 )  — 0 has a  solution w ith 0  €  (—oo,0) and 0  e  +oo), respectively. Therefore
there is only one solution to f ( 0 )  — 0 in [0.190,0.25] as the optim al 0  to  (3.17). ■
In practice, the optim al 0  can be calculated numerically. Note th a t the  average sum  rate  
upper bound in equation (3.16) is not a  tigh t bound; however, in order to  determ ine the 
optim al 0, th is bound provides reasonable results w ith  low effort, which can be shown in 
the simulations. Contrastively, 0  is fixed 1/3 in equal power allocation. In  [85], the upper 
and lower bound of the average sum  ra te  was derived, and the optim al power allocation 
was proposed to  maximize the bounds. However, the  power ratio  in the  paper is a  fixed 
num ber of 0  =  0.1910. Proposition  1 has proved there exists a  0  > 0.1910 to  provide be tte r 
perform ance. O ur sim ulation results given in next section show our proposed strategy can 
provide b e tte r average sum  ra te  th an  these two strategies.
3.3.2 Power Allocation Based on Outage Probability
In  the above power allocation algorithm , the fast fading channels are assum ed. W hen slow 
fading channels are taken into account, outage probability is another very im portan t m etric 
to evaluate the system  perform ance. Especially for the two way relay channel, the evaluation 
in term s of sum  rate  [37, 38] is no t enough. For example, in some cases, the  sum  rate  of the 
system  is able to  satisfy certain  requirem ent, w ith one direction transm ission a t high d a ta  
ra te  and the o ther direction in outage. In  th is context, to  improve the outage probability of 
individual term inals is im portan t. In th is section, we derive the average outage probability 
of each term inal and propose the power allocation to  make a  balance of the two term inals in 
term s of the individual outage probability.
The outage probability  is the probability  for each term inal’s instantaneous ra te  R k falls 
below the threshold rate  Rq as Pout,t = Vv{Rk <  i?o}. Taking term inal Si as an  example, 
its outage probability  is given as,
Pout, l — P r 1 1   , 0(1 ~  0 ) \h i \2\h2\2'yo (3.19)
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Equivalently, we have
2/?|/n|2( l - /3 ) |h 2|2 < 2(1 — 0)(22Ro — 1)P  _  Pr ~  ~  x) fo nn\
Pouqi ^ l p \ h l\2 + {1- P ) \h2\2 -  ( l- 2 /3 ) 7o J '  [ }
Note that the term at the left side of {< ’ is the harmonic mean of two random variables, 
0\hi\2 and (1 — /3)|/i2|2- Using Theorem 1 in [49], the outage probability can be expressed 
as,
t t U  =  1 -  m  W exp ( - H  ( t t  +  _ t t _ ) )  , (3.21)
where p =  > $ — F\Jp{ ’ ancl E \(x) is the 1st order modified Bessel
function of the 2nd kind. When x is small, K\(x) ps 1/x, which is true in high average SNR
region, i.e., 70 >>  1. Thus, the outage probability can be further simplified into,
Pmt,i« 1 -  exp ( -  (  + (1 - / 3)A2) )  ’ (3'22)
with u — as a constant. Similarly, the outage probability for S2 is P0ut,2 ~ 1  —
exp «(!-£) / _i_ . 1 A1-20 [/3A2 (1—/3)Ai /  J '
Both Pout, 1 and Pout,2 are convex functions of /3, thus the optimal 0 to minimize them are
0opt,i = 2A2~ ^ x v  —  and 0opt,2 =  2Al~ t 2-At2 — 3 respectively. However, 0opty and 
0 Opt,2 are different, thus the outage probability for the two terminals can’t be optimized 
simultaneously with the same 0. This is shown in Figure 3.3. The outage probability is 
convex for both terminals, with the minimum point at 0opt,i and 0opf)2, respectively.
To keep both terminals’ outage probability at a considerable level, we propose to choose 
0pro as the optimal 0 for the terminal with larger outage probability. This is a trade-off 
solution to balance the outage performance of the two terminals. For example in Figure 3.3, 
0pro — 0opty, and mathematically it is to find 0pro to the following,
minmax{Potrf)i ,P oui>2},s.t. 0 < 0 < 0.5. (3.23)
With this power allocation, both Pout j  and Pout,2 are increasing functions versus 0  in 
[,0pro> 0.5); the terminal with larger outage probability is optimized and the other’s outage 
probability is already at a relatively low level.
3.4 N um erical R esu lts
In this section, computer simulations were performed to present the performance of the 
proposed power allocation strategies. The total average SNR is set to be 70=10 dB and 20
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 S1
 S2
▼ optimal for S1
■ optimal for S2
Figure 3.3: The relationship of individual average outage probability with 0
dB, respectively, and the relay is assumed to be located on the line that passes through Si 
and S2. The distance between Si and S2 is normalized to 1, and the normalized distance 
from Si to R is d. With the pathloss exponent of 3, the channel mean strengths of the two 
channels are Ai =  d~3, and A2 =  (1 — d)~3, respectively.
First, we compare the average rate of one way relay network and bidirectional relay network 
without power allocation, shown in Figure 3.4, with respect to the total transmit SNR. 
The relay is set near to one of the source nodes with d — 0.1, The performance gain of 
bidirectional relaying over one way relay system can be observed in all SNR region. Figure 
3.5 gives the comparison of average sum rate versus the normalized distance d. We see that 
the losses due to the half-duplex constraint in cooperative communications can be mitigated 
by the bidirectional relaying transmission.
Figure 3.6 shows the average sum rate versus d. The proposed power allocation strategy 
is compared with the power allocation strategy in [85], equal power allocation, and the 
optimal power allocation by exhaustive search. The first proposed scheme provides significant 
improvement over the equal power allocation, and is slightly better than the power allocation
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Figure 3.4: Average sum rate for one directional and bidirectional relaying transmission 
versus SNR (d=0.1)
in [85], which is in line with our analytical results. Meanwhile, the proposed power allocation 
can achieve similar performance with the exhaustive search based optimal power allocation. 
This again proves the effectiveness of the proposed strategy.
Figure 3.7 compares the two terminals’ average outage probability of the 2nd proposed power 
allocation strategy with equal power allocation (threshold rate Rq = f). The individual 
outage probability with the proposed power allocation strategy for either Si or S2 is lower 
than with equal power allocation. The performance gain is larger when the relay is close to 
one terminal (d —> 0 or d —► 1).
3.5 Sum m ary
This chapter presented our novel research results on the AF relaying cooperative communi­
cations. Bidirectional relaying system can improve spectral efficiency of the traditional one 
way relaying transmission, thus has drawn our research interests. This improvement was
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d
Figure 3.5: Average sum rate for one directional and bidirectional relaying transmission 
versus d (7o= 10dB)
illuminated by the comparison of the average sum rate of them in simulations.
By appropriate power allocation strategies, the performance of bidirectional relaying trans­
mission can be further improved. We have added to this area with some of our novel research 
of adaptive power allocation. In a 3-node bidirectional AF relaying system, two simple power 
allocation strategies were proposed. With only requirement of the channel mean strengths, 
the proposed power allocations were to improve the average sum rate and individual average 
outage probability, respectively. The numerical results showed visible improvement over the 
the fixed equal power allocation.
av
er
ag
e 
sum
 
rat
e 
(b
its
/s
)
3.5. Summary 5 5
Figure 3.6: Average sum rate versus normalized distance ( 7o = 10d B )
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Figure 3.7: Average outage probability versus normalized distance (7o=20dB)
C h a p t e r  4
A d a p t i v e  M o d u l a t i o n  f o r  D F  
R e l a y i n g  C o o p e r a t i o n
4.1 In trod uction
The effectiveness of adaptive power and rate transmission for cooperative communications 
has been proved [88]. It has been shown that by applying adaptive power control strategies, 
the outage probability of the relay network can be minimized with respect to the channel 
feedback. On the other hand, in the system allowing variable rate transmission, the feedback 
can be used to adaptively change both the transmission power and rate to improve the 
throughput. In the above chapter, we discussed the adaptive power allocation schemes for 
AF relaying cooperative communications. It has also been proved in [88] that simultaneous 
power and rate adaptation for relay networks is usually not needed. When the average power 
constraint is large, rate control with constant power is nearly optimal, especially for small 
rates of the feedback.
However, compared with the flourishing research in adaptive power transmission for coop­
erative communications, rate adaptation has not been well investigated. Practically, rate 
adaptation can be implemented by changing the constellation size with fixed symbol rate, 
called adaptive modulation. This is a very important technique which has been adopted in 
many current communication standards [64]-[66]. Therefore, exploiting adaptive modulation 
for cooperative communication systems is of great significance.
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Furthermore, the application of adaptive modulation in relaying networks is difficult and not 
a straight-forward extension from the direct transmission. The overall BER and spectral effi­
ciency are determined by the time-varying network channel state, i.e., the channel conditions 
of all links in the network. Very recently, the adaptive modulation for AF relaying systems 
was investigated [24]-[26]. In the case of AF relaying, adaptive modulation is performed only 
at the source, with relay simply amplifying the received data from the source. Alternatively, 
the DF relaying protocol allows the source and the relay to employ different modulation 
formats [89]. This fact increases the degrees of freedom for the multi-link adaptation and 
complexity at the same time. So far this problem has not been well solved yet.
Motivated by these observations, in this chapter, we investigate the adaptive modulation 
for DF relaying cooperative communications. The objective is to improve the link spectral 
efficiency while keeping the BER of the system under certain threshold. First, we introduce 
the parallel DF relay networks accommodating a source-destination pair, and several parallel 
relays. With differently modulated signals transmitted from the source and the relay, we pro­
pose a maximum a posteriori (MAP)-based algorithm for diversity combining detection. The 
problem of maximizing the link spectral efficiency under BER constraint is mathematically 
difficult, therefore, two simplified solutions are proposed.
Second, to provide more practical solutions for the above problem, we propose to investigate 
the problem with adaptive modulation at the relay only. We consider the scenario that the 
relay nodes are close to the destination. Therefore, we assume that the CSI is available at 
relays, but not at the source. Based on this assumption, a class of adaptive modulation 
schemes, called Type-I modulation-adaptive cooperative schemes (MACS), are proposed. 
Simulation results show that the proposed schemes can offer significant spectral efficiency 
improvement in comparison with conventional fixed DF relaying systems.
Third, to further improve the performance of adaptive modulation in relay networks, we 
propose another scheme, namely Type-II modulation-adaptive cooperative scheme. In this 
scheme, adaptive modulation is applied at both the source and the relay. The source has the 
priority to transmit to the destination itself with adaptive modulation. The relay assists the 
transmission with modulation adapted to the varying channels as well. Simulation results 
show that this scheme can further improve the performance in terms of spectral efficiency 
over fixed DF relaying and also the Type-I modulation-adaptive cooperative schemes.
Fourth, considering the TDD based orthogonal relaying system, extra transmission phases 
are needed for the relaying transmission compared with direct transmission. Therefore,
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the spectral efficiency for relaying system may not be as good as direct transmission in 
some cases. As a result, we propose the adaptive modulation for an opportunistic-based 
DF relaying scheme. Spectral efficiency is proposed to be a new criterion for the system 
to dynamically switch between direct transmission and DF relaying transmission. In addi­
tion, optimization issue of the DF transmission by adaptive modulation has been carefully 
investigated. Computer simulations show that the proposed scheme significantly improves 
the spectral efficiency in comparison with both the fixed DF relaying and adaptive direct 
transmission.
Last, we have extended our work to systems with imperfect CSI feedback at transmitter 
side. Perfect CSI at the transmitter side is not always feasible in practice. CSI feedback 
at the transmitter may become outdated, unless the channel variations are sufficiently slow 
[70]. Noisy or quantized channel prediction [90] are also very common in practical systems. 
So further investigation of adaptive modulation with partial or imperfect CSI at the trans­
mitter side is also important. We have developed our previous proposed Type-I and Type-II 
adaptive modulation schemes to a slowly time-varying channel with delayed CSI at trans­
mitter side. Simulation results show the proposed schemes can still offer improved spectral 
efficiency over the fixed DF relaying cooperation even with imperfect CSI feedback.
The rest of this chapter is organized as follows. In Section 4.2, the system model is pre­
sented with our proposed MAP detection algorithm. In Section 4.3, the problem of adaptive 
modulation to improve the spectral efficiency under BER constraint is analyzed with simpli­
fied solutions proposed as well. In Section 4.4, we propose the Type-I modulation-adaptive 
cooperative schemes with adaptive modulation at the relay only. Section 4.5 describes the 
Type-II modulation-adaptive cooperative scheme allowing adaptive modulation at both the 
source and the relay. Section 4.6 investigates the adaptive modulation based on an oppor­
tunistic DF relaying system. The proposed Type-I and Type-II schemes are investigated 
under imperfect CSI in Section 4.7, and Section 4.8 summarizes this chapter.
4.2 S ystem  M odel
4.2.1 Multi-link Adaptive Transmission Model
Figure 4.1 illustrates a multi-link adaptive transmission model for a relay network accom­
modating one source node, S, one destination node, D, and L parallel DF relay nodes, Ri,
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i E { 1 , 2 ,  ..L}. Information is transmitted from the source to the destination assisted by 
relays on a block by block basis. Extended from the incremental relaying for 3-node re­
lay network [10], we propose the incremental DF relaying in this parallel relay network. 
Cyclic-redundancy-check (CRC) code is employed at each block for error detection at the 
destination. When a ‘success’ is reported from the destination, the source transmits new 
data in the next time slot. Only when a ‘failure’ is reported, DF relaying transmission is 
activated. In the DF relaying, to avoid error propagation caused by wrongly decoded data 
transmitted from relays, only the relays who are able to correctly decode data from the 
source are considered as candidates to forward data to the destination. If no relay is able to 
decode correctly, the source retransmits the data itself. We assume there exists an error-free 
and delay-free feedback from the destination and relays to inform the source about CSI and 
CRC detection results (This will be extended to cases with imperfect CSI in later sections). 
Adaptive modulation and coding module is employed in the transmitter of source and each 
relay node (See Figure 4.1). The modulation formats used at the source and relays are 
adapted subject to the feedback information.
Ri
Figure 4.1: Parallel relay adaptive transmission model
We assume that the channels (source to destination, source to each relay, each relay to 
destination) (i) are independent fading channels with Rayleigh distribution, denoted by had, 
hsn and hVid, respectively, (ii) follow the block fading assumption in which the channels 
remain constant over the transmission of one block of data, but can vary block by block, 
(iii) have additive white Gaussian noise with noise power No, denoted by zsd, zsr. and znd,
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respectively. We propose the system  works in the following 2-time slot adaptive m odulation 
m anner.
In the 1st time slot, a  block of B  inform ation bits from the source are m odulated into symbols 
x s (n ) w ith constellation size, M s. T he transm ission rate  is defined as the inform ation bits per 
each m odulation symbol, ks =  log2 M S b its/sym bol. The received signals a t the destination 
and the ith  relay are
Vsdin) = hsdxs(n) + zsd(n),n = 1,2, — , B/ks,
Vsnin) = harix s(n) + zsri(n),n = 1 , 2 ,- •• , B/ks, 
respectively, where n  is the index of the symbols in each block.
(4.1)
(4.2)
Upon reception of a  d a ta  block, the destination  and relays check w hether the transm ission 
is successful. Jointly considered w ith the M ultiple Access (MAC) layer, a  signaling frame is 
sent consequently to indicate their CRC check results, the frame structu re  of which is shown 
in Figure 4.2. The signaling frame is m ade up of (L  + 1 ) small slots for the destination and 
relays to  broadcast their 1-b it CRC decoding results one by one. If the destination sends 
‘success’, the source transm its new d a ta  in the next tim e slot. O therwise, suppose there are 
V  relays who sends ‘success’, and these V  relays are candidates to forward d a ta  in the 2nd 
slot. Based on different relay selection and combining algorithm s, U ou t of these V  relays 
are selected to  transm it sim ultaneously in the 2 nd slot.
relays
destination
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Figure 4.2: Frame structu re  of the system
In the 2nd tim e slot, the chosen U relays re-m odulate the d a ta  to  x r w ith the same con­
stellation size M r (transm ission rate  kr =  log2 M r b its/sym bol). These U relays transm it
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simultaneously with perfect synchronization assumed, and thus the destination receives a 
combination of signals from the relays as,
u
Vrd(n) =  ^ 0h rid(wrixr(n)) + zrd(n),n =  1,2,...,-•• , B/kr, (4.3)
i—l
where wn is the combining weight for relay Rt applied before transmission. wn is related to 
the combining techniques used, and may require full or partial CSI.
If no relay is able to receive data from the source correctly in the 1st slot, the source takes 
up the 2nd slot to re-transmit itself (see dashed box in Figrue 4.2). The original data is 
then modulated with constellation size Ms2 (transmission rate ks2 =  log2 Ms2 bits/symbol). 
Consequently, the destination receives
Vsd2(n) =  hsdxs2(n) +  zsd2(n), n -  1,2,..., • • • , B/ks2. (4.4)
In the conventional parallel relay networks, the signals are transmitted in the 1st slot from 
the source, and forwarded by relays respectively from the 2nd to the (L +  l)th  slot [24, 91]. 
The channels are assumed to be invariant for the transmission of (L +  1) slots. However, 
when L is large, this is only applicable for very slowly time varying channels. Compared 
with the conventional strategy, our proposed transmission takes up to 2 slots to transmit 
a block of data for any L, and a huge improvement in spectral efficiency can be obtained. 
Requiring the channels to be invariant in consecutive 2 slots, this assumption is with more 
practical significance.
4.2.2 MAP Detection
When the destination receives copies of signals from the source and the relay, it combines 
them to do the detection. However, in this proposed adaptive transmission model, the source 
and the relay are allowed to transmit in different modulation formats for the same block of 
data. Equivalently, Ms, Mr and Ms2 may be different. In this case, the detection of data 
streams in different modulations is a new problem in this system. We propose a MAP-based 
diversity combining detection detailed as follows.
Suppose the information bit b is modulated into two different symbol xa and xr to transmit. 
At the destination, with two received symbols, ysd and yrd, the a posteriori probability (APP)
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for the transmitted information b is calculated and the MAP algorithm will be used to do 
the detection. The APP can be described as,
p(P,ySd,yTd) p(ySd,yrd\b)p(b)
P(b\yad,yrd) -  , , -  , sP\Vsd>yrd) P\Vadi Vrd)
p(ySd\b)p(yrd\b)p(b) ^
PiVsd) Prd)
p(b)p{Vsd\b)p(b\yrd)-
pijjsdi Prd)
where, P(x) is the probability for event x, p(x) is the pdf of random variable x, and p(y\x) 
is the pdf of random variable y conditioned on x.
The information b is selected out such that the APP or P(b\ysd,yrd) is maximized, which is 
mathematically represented in the following equation,
bMAP = &rg{max{P(ysd\b)P(b\yrd)}}, (4.6)0
where the first term P(?/5d|&) is the probability to received symbol ysd given the hypothesis 
that information bit b is transmitted, and the second term P(b\ysd) provides the extrinsic 
information regarding the information b via the received symbol yrd.
In the case that the information bit b is equally probable, the MAP equals the maximum 
likelihood (ML) detection as,
bML =  arg {max{ P (ysd \ b) P(yrd [&)}}. (4.7)b
In digital communications, log-likelihood is often used to simplify the calculation. For exam­
ple, the log likelihood ratio of information bit b with the received symbol ysd can be obtained 
as,
Ab(ysd) -  ln{P(?/sd|& =  1)} -  ln{P(yad|6 =  0)}
=  ln{ £  P W « j ) } - h {  p (Vsi\QS)}. (4'8)
Qj€St,=i Qj€.Sb~ o
where, Qj is the hypothesized modulated symbol, is the hypothesized set of modulated
symbols whose associated information bit is b — 1, Sb=o is the hypothesized set of modulated
symbols whose associated information bit is b =  0 .
The noise is assumed to be complex Gaussian distributed, and thus the received symbol is 
the joint Gaussian random variable. The probabilities P(ysd\Qj) in the above equation can
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be simplified to
(4.9)
Substituting this equation to (4.7), the total decision is made based on,
h-b — EbiUsd) + A-b(yrd)' (4.10)
This proposed detection algorithm can enjoy the combining diversity gain, and will be used 
in all our proposed adaptive modulation schemes for diversity combining with differently 
modulated data in this chapter.
4.2.3 Adaptive Modulation Setup
In this chapter, we assume the source and relays are adapted on the modulation only, subject 
to the fixed given transmit power Ps and Pn at the source and relays respectively. While 
our investigation considers uncoded systems, the proposed schemes are easily extendable to 
adaptive coded system in conjunction with adaptive coding [56].
Link Spectral Efficiency
As has been introduced in Chapter 2 , the spectral efficiency is the reliably transmitted 
data rate per unit bandwidth. The maximum achievable spectral efficiency of cooperative 
communication have been given in equation (2.17), (2.21) and (2.24). However, in practical 
communication systems, without the optimal coding applied in the system, this spectral 
efficiency can not be reached. As a solution, the link spectral efficiency is widely accepted 
to evaluate the spectral efficiency, defined as the average data rate per unit bandwidth 
[61, 80, 92] with certain BER constraint. This is used in both academic and engineering 
areas to evaluate the spectral efficiency for practical systems. Therefore, in this chapter, we 
use this method to calculate the link spectral efficiency. In the rest of this thesis, we do not 
distinguish ‘link spectral efficiency’ and ‘spectral efficiency’.
Consider a family of M -QAM signal constellations with a fixed symbol duration Ts, the 
link spectral efficiency for classic point-to-point communication is rj =  log2 M  bits/s/Hz.
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Note M  is a function of the link SNR to ensure reliable communication restricted by BER. 
However, there are three different cases in the transmission of the proposed system model. 
The successful direct SD link transmission is similar to the point-to-point communications, 
therefore, the spectral efficiency for this case is ks bits/s/Hz.
In the case that the relay participates the transmission, for a block of B bits data, the time 
duration for the 1st and 2nd slot are BTs/ks and BTs/k r , respectively. Then the data rate 
is
Thus, the spectral efficiency is given by
Similarly, the spectral efficiency for the case that the source retransmits in the 2nd slot is 
bits/s/Hz. ks, kr and ks2 are determined by the channel qualities and BER constraint.
B E R  Approxim ation
The BER performance for M-QAM can be expressed in Q-function as introduced in Chapter 
2. But this equation is not easily invertible get the appropriable constellation size for adaptive 
modulation. Therefore, we use the approximate expression for coherent M-QAM modulation 
with Grey mapping over an AWGN channel to calculate BER [2],
where g =  1.5/(M — 1) is a constellation-dependent constant, and 7  is the received SNR.
The approximation in (4.13) can be extended to the BER of BPSK with g — 1. The param­
eter of BPSK is modified using Least Square fitting [93]. Figure 4.3 shows the comparison of 
approximated and exact BER performance for the four modulation schemes - BPSK, QPSK, 
16QAM and 64QAM - in AWGN channels.
In the figure, we see that the approximated BER in (4.13) is very close to the exact BER given 
by (2.23), especially in high SNR range. Therefore, in this chapter, we use this approximation 
to calculate BER.
Consequently, the block error rate (BLER) can be approximated as
(4.12)
p (7 ) «  0.2ex (4.13)
Vb(-y) =  1 -  (1 -  V (7))b m m in{ l,S P (7 )} 
=  min-fl, 0.2J3 exp(—<77)}.
(4 .1 4 )
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Figure 4.3: Comparison of exact and approximated BER performance
MAP is used to do the detection for the combined the data from SD and RD link, the 
combined SNR is the sum of the SNR of the two links. However, as the modulation formats 
of the two data stream are different, the combined BER performance can be written as,
Vard -  0. 2exp(— -  grjrd), (4.15)
where gs and gr are the constellation size related constants for the source and the relay, 
respectively. This expression for the combined performance is demonstrated by computer 
simulations. The following Figure 4.4 shows the comparison of the approximate combined 
BER in (4.15) and the simulated BER for the proposed MAP detection in AWGN channels. 
In this figure, as an example, one of the stream is modulated in BPSK, the other is in BPSK, 
QPSK, 16QAM and 64QAM respectively. The simulated combined BER performance is in 
solid line, while the approximate performance calculated by (4.15) is in doted lines. It’s clear 
that this kind of approximation is with high accuracy.
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Figure 4.4: Performance of MAP-detection
4.3 G eneral P rob lem  A nalysis
4.3.1 Problem Statement
The above system model is simplified into a single relay network when L — 1. In this section, 
we investigate the adaptive modulation from this single relay network first.
In this system model, there are three transmission cases for each block of data as follows:
a) The full block of data transmitted through source-destination link is successful, judged 
by the CRC check. This happens with the probability (1 — P bd), where Vbsd is BLER of the 
SD link.
b) The transmission block through source-destination link is failed at the CRC check, but 
successful through the source-relay link. The transmission drops into this case with prob­
ability Pbsd( 1 ~  P$r)> where Phsr is BLER of the SR link. Thus the relay participate in the 
transmission, which results in the BER after the MAP detection at the destination as Pgrd- 
In this case, Vsrd must satisfy the BER constraint.
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c) Both source-destination and source-relay link are failed at the CRC check. In this case, 
the source will transmit the data in another modulation order to ensure the resulting BER 
Vsrd satisfies the constraint.
Considering these cases together, the overall spectral efficiency can be expressed as,
v =  ( i  -  r t )  ks+ r t ( i  -  r t ) r f x r + r t r t A # - .  (4.16)\ / Kg ~r ™s 1 f^ s2
For this system, when working in case a), there is no error, while the errors appear only in 
case b) and c). Therefore, if the BER in these two cases, Vsrd and Vssd must satisfy the 
BER constraint, Vsrd < P fj  Pssd < V1, where Vt is the target BER. Jointly considering the 
spectral efficiency and BER, our objective is
max (1 - p k ) * J + p k ( i _ r t . ) j ^  +  r t r t ] & t e  (4.17)
subject to Vsrd < P^Pssd < P l ■
Using the proposed MAP detection and substituting (4.15) (4.14) into (4.17), the problem can 
be transferred into jointly determining the transmission rate ks , kr and ks2 to the following 
cost function,
4 j£ L  (1 ”  p°d)k‘ + -  + r t r t £ f e
subject to 0 .2 e x p (-5^ T7sd -  ',■„() <  'P ' .O ^ e x p f- j fc p w  -  y g i s d )  < V 1,
(4.18)
where V bad =  min j  1, 0 .2B exp( -  j f ]  r 7S<!) ) ,  Vbr =  m m [ l ,0 .2B e x p ( - 5^ T7s,.)), and 7 .,,., 
7sd and 7rd denote the received SNR of SR, SD and RD link respectively.
Next the optimization problem of (4.18) will be investigated for both continuous rate and 
discrete rate adaptation [94]. For continuous-rate case, ks, kr and ks2 are arbitrary non­
negative real numbers. For discrete-rate case, Ms, Mr and Ms2 can only be 22, 24, . . . 2 2 j V ,
i.e., ks, kr and ks2 are restricted to be even integers, corresponding to square M -QAM 
constellations. Although the implementation of transmission at non-integer rates is with 
high complexity [2], the investigation of continuous-rate scenario provides intuition and useful 
guidelines for system design in discrete-rate case.
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4.3.2 Continuous-Rate Adaptation
Although there are still 3 variables in the optimization problem in (4.18), considering the 
two BER constraint inequalities, either kr or ks2 can be written as a function of ks as,
respectively. Substituting (4.19) and (4.20) into (4.18), it can be simplified as an optimization
searching steps in simulation. Moreover, the requirement of instantaneous j sd, j rd, and j sr 
at the source results in a high feedback cost. This cost will be even more when the number 
of nodes in the system increases. To save the feedback cost and decrease the implementation 
complexity, we may opt for simpler solutions.
Considering the probabilities for the three cases to happen in the overall spectral efficiency 
in (4.16), case a) and case b) are the dominate ones compared with case c), since
especially in the middle and high SNR region. In this context, we next provide two low-cost 
solutions, namely, source-priority solution and relay-priority solution, in which the objective 
is to maximize the spectral efficiency in case a) and b) respectively.
Relay-priority solution
In this solution, the transmission via relay in case b) is the major concern to adaptively 
choose the modulation formats for the source and the relay. Therefore, we take the spectral 
efficiency and BER for this case as the objective and constraint,
(4.19)
(4.20)
There is optimal solution to this problem. However, to find the analytical solution is mathe­
matically difficult. Alternatively, exhaustive search can be used to find the numerical solution 
assisted by computer simulation. However, the accuracy of numerical search is limited by the
(1 -  V b, d )»  v bsdv l ,(1 -  »  v bsdv br (4.21)
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Similarly, kr is a function of ks as in (4.19). Substituting (4.19) into (4.22), the constrained 
optimization problem is simplified into a single-variable optimization problem in the area 
ks £ log2 ^1 +  ft^Y) ^ , -froo^. The optimal ka and kr are easier to find compared to the 
original problem in (4.18).
Although the relay transmission in case b) is the major concern in this solution, case c) 
that the relay can’t decode the data from source may still exist for some channel realiza­
tions. Then, a retransmission from source with rate ks2 is needed. As ks has already been 
determined by (4.22), ks2 can be found using (4.20).
This is not an optimal solution, but the computation complexity is reduced as well as the 
feedback cost, i.e., the CSI of SR link is not needed at the source. However, when the SNR 
of SR link is not high enough, the relay can’t recover the data from the source correctly. 
This will degrade the performance of this solution. Therefore, this solution is more effective 
when the SNR of SR link is in middle or high SNR region.
Source-priority solution
Focusing on case a), the source has the priority to transmit to the destination directly. 
The relay transmission is activated only when SD link can’t satisfy the BER constraint. 
Therefore, ks is maximized under the constraint that the BER of SD link satisfies V1,
max ns =  ks
(  i ,  \  , • (4-23)subject to 0.2 exp gEjryTsdJ — E
The closed form solution for this problem is ks =  log2 (ft — ■
By substituting this ks into (4.19) and (4.20), kr and ks2 can be determined with respect 
to the CSI of SD and RD link at source and relay respectively. In the continuous-rate 
adaptation, kr and ks2 are calculated to be +oo. With the transmission rate to be infinity, 
this is to say there is no need of retransmission from either the relay or the source. Therefore, 
this solution is the same with the single link adaptive modulation. However when there is 
limitation on the minimum transmission rate, and even the lowest possible rate in SD link 
can not satisfy the BER constraint in (4.23), the 2nd slot transmission is boosted with finite 
rate kr (or ks2). The determination of kr(ks2) will be explained in detail for discrete rate 
adaptation in next section.
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4.3.3 Discrete-Rate Adaptation
In discrete rate adaptation, there is finite number of N  candidate modulations for each node. 
For M-QAM modulations, the constellation sizes are limited to Ms(i) =  4 / Mr(j) — 4-7, and 
Ma2(q) =  4Z, k3, kr and ka2 are limited to 2i, 2j  and 2q respectively, i ,j ,q  — 1,2,..., N.
Substitute Ms =  4% Mr — 4J and Ms2 — 4q into the optimization problem defined in (4.18), 
it is simplified to determine i, j  and q to the following,
Vi =  (1 -  V bd)2i + v bsd -  + v bsdv br ^ -q
subject to 0 .2exp (-jl7~ »ti -  jrrftfrd) < 'P '.0 '2 ex p (-^ - 7 .,,, -  jruy'fei) S  Vt-
We define a modulation trine as (Ms, Mr, Ms2), and there are N3 candidate trines. The 
best candidate can be found by a search over all N3 candidates. The source and relay can 
be informed by the index of the candidate, with a feedback of log2(N3) bits each time the 
channels change.
Similarly, for relay-priority solution, by substituting i and j  into (4.22), the objective function 
redefines as,
maximize Vd-r — rY
( X i n \  . (4’25)subject to 0 .2 exp -  wzilrd) < V
By solving the above optimization problem, i and j  are determined, and q is obtained 
consequently. There are N  different modulation candidates for source in the 1st slot, and 
N for relay transmission and N  for source retransmission. The feedback cost for this case is 
log2 2N 2 bits.
For source-priority solution, with limited candidate modulations in discrete-rate adaptation, 
there is not always a Ma which can satisfy the BER constraint in (4.23). Thus the transmis­
sion is not a direct extension from the continuous rate case. We provide a two-step algorithm 
to find the proper i, j  and q.
Stepl. Find the adaptive regions of j sd for adaptive modulation at the source in the 1st slot. 
Developed from (4.23), the objective function is
m a x r}d- si = 2  i
( 1 * \  ♦ (4.26)subject to 0.2 exp < V
The range of j sd is divided into IV +  1 regions, (0, j ]d), (7^ ,  j 2d), • • •, (7$ ,  + 00). When the 
instantaneous j ad falls in the region (7afp 7ad+°)> modulation with rate ks =  2i is used.
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If the instantaneous 7sd falls in (0 ,7ft), the transmission can’t achieve the target BER with 
any candidate modulation. Thus transmission in the 2nd slot is activated.
Step2. Further divide the region (0 , 7ft) for the 2nd slot relay transmission. In this case, the 
transmission rate for the source is deterministic to be 2i =  2. The objective is to maximize 
transmission rate 2j  for the relay with BER constraint as follows,
by 7sd h1 the above formula to find q. In this way, yrd(lsd) is further divided into N  regions 
for these two cases. Therefore the feedback cost is log2 3N  bits. If N  is not very large, 
the feedback cost for this solution is limited to several bits, and reasonable for practical 
implementation.
4.3.4 Extension to Parallel Relay Network
In this section, adaptive modulation is extended to general parallel relay network with L > 1. 
The discrete rate adaptation schemes are investigated as our main focus.
Referred to the system model in section II, the source information is modulated with con­
stellation size Ms and transmitted in the 1st slot. Upon the reception, a signaling frame 
reporting the results of CRC detection from the destination and relays is broadcast. If the 
destination is failed in recovering the data from the source, the 2nd slot transmission is acti­
vated with U out of the V  relays which have correctly decoded source’s data. The U relays 
remodulate the data with constellation size Mr and forward to the destination simultane­
ously in the 2nd slot. However, before transmission, it is not possible to predict the exact 
relays even if perfect CSI is available. Thus any combination of the L relays, denoted by Uaet, 
can be the set of the successful relays. Considering the simplest case when all the correctly 
decoded relays are chosen to forward data to the destination, i.e., V  = U, the overall BER 
is estimated to be,
max 
subject to
pd-s2 =  2j
(4.27)
when the relay is successful in the 1st slot. When the relay fails in the 1st slot, replace yrd
(4.28)
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pate in the 2nd slot transmission is V{Uset). The second term in the above equation is the 
BER when no relay can correctly decode source’s data in the 1st slot. The overall BER V 
expressed in (4.28) is determined by the received SNR of all the links in the network. When 
L is large, the problem described here is with huge complexity. Moreover, V depends on 
the possibilities of each subset Uset to happen, which is not reliable any more with large 
L. With the consideration of computation complexity and feedback cost, we choose the 
source-priority solution to design a two-step modulation-adaptive scheme here.
First, maximize the constellation size for source with data rate ka =  2i,i  € {1,2,..., N} with 
constraint 0.2 exp < P t ■
Second, choose the maximal available constellation size for relay with data rate kr — 2j, j  € 
{1,2,..., N } while satisfying the BER constraint as 0.2 exp {y-fzylsd ~ < P l- Note
at this step, i is deterministic. If no relay can receive data correctly in the 1st slot, 7 in 
the above function is replaced by yS(i to find ks2 =  2q.
With V successful relays in the system, we consider three different selection algorithms to 
select U relays to transmit in the 2nd slot.
1.MRC - All successful relays participate in the 2nd slot transmission, U — V. For the 
implementation of MRC, the transmit weight for each relay wVi, including the power weight 
and channel phase compensation, must be applied before transmission. Therefore, full CSI 
of the RD channels is needed at each relay. The combined SNR for the 2nd slot is the sum 
of SNR of all transmission branches,
u
Ird =  1MRC= Y I  Nid- (4.29)
i=l
The power weight for the ith  relay is proportional to the \hri<f  /Nq with the total power 
L
constraint Yf |w/ri| =  1. 
i—l
2.EGC - All successful relays participate in the 2nd slot transmission with equal transmit 
power. Partial CSI is needed at each relay to mitigate the phase distortion by channel from 
itself to the destination. The combined SNR is [56],
7rd =  7E O C = j f  ( X ]  <Pi) (4-30)
where, ipi is the amplitude of the received signal of the ith relay.
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Fall or partial CSI is needed in the MRC and EGC combining, thus we opt for scheme with 
reduced feedback as below.
3. SC - Destination compares the received SNR of each relay to the destination, yrid of the 
V relays, and selects the one with the largest to forward data in the 2nd slot. In this case, 
U =  1, and yrci equals to the received SNR of the selected relay. Similar to single relay 
network, there are in total (3N  +  1) different regions for adaptation. The feedback cost is 
(log2 3N  +  log2 V) bits, where the 2nd term is the cost to inform the selected relay.
it has been proved that the cooperative transmission by selecting one best relay can achieve 
the similar diversity-multiplexing trade-off of the traditional relay-by-relay transmission [95]. 
Therefore SC is a practical option in the parallel relay case, but the extension of this work 
to relay-by-relay transmission is direct.
4.3.5 Numerical Results
In this section, computer simulations were carried out to evaluate the performance of pro­
posed schemes. Ail the channels in the network are modeled as independent Rayleigh block 
fading channels. The block size is B — 96 bits. In the simulations, the transmit power is set 
to be the same at source and relays for simplicity. The target BER is 'Pt =  10~3.
We simulate a single relay network only, as the parallel relay system with SC combining can 
be done in similar way. In this network, the relay is set in the middle of the soui'ce and 
destination link. The average SNR of the SD link is ranging from 0 to 20dB, while there is a 
6dB higher average SNR in SR and RD link considering the pathloss. The spectral efficiency 
of continuous rate (marked by ‘(c)’ in the legend) and discrete rate (marked by ‘(d)’ in the 
legend) adaptation (N — 8) are shown in Figure 4.5. For discrete rate adaptation, data 
transmission is not allowed when the BER constraint can’t be satisfied. The performance 
of continuous rate adaptation serves as a loose bound for discrete rate adaptation. The 
numerical search to problem in (4.18) has the best performance. The source-priority solution 
is better than relay-priority solution. This is because in the source-priority solution, if the 
SD link is good enough to satisfy the BER constraint by the direct transmission, only 1 slot is 
needed in the transmission. In the case of relay-priority solution, the relay transmission is the 
major concern to maximize . As is well known, < min(/cs, kr), the performance
is affected by either poor SR or poor RD link.
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Figure 4.6 presents the simulation results for the scenario that the relay is close to the 
source with a fixed 20 dB SNR of SR link; the SNR of SD and RD link are ranging from 0 to 
20dB. This setting-up is typical for transmit cooperation. The relay-priority solution shows 
a better performance for the source-priority solution. Since the SR link is considerably good, 
the transmission goes to case b) for most of the time, which is in line with the objective of 
relay-priority solution.
Figure 4.5: Spectral efficiency for single relay system with relay in the middle
In Chapter 2, we have shown the spectral efficiency for fixed DF relaying is \  log2 M  
bits/s/H z, where M  is fixed for the transmission as the constellation size. As this is the 
case, the spectral efficiency for fixed BPSK, QPSK, 16QAM and 64QAM are 0.5, 1, 2, 3 
bits/s/H z, respectively. But the BER for these modulations, especially higher order modu­
lations, can not be ensured to be lower than 10-3 . Detailed comparison with the fixed DF 
relaying system will be presented in the next two sections.
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Figure 4.6: Spectral efficiency for single relay system in transmit cooperation
4 .4  T yp e-I M od u la tion -A d ap tive  C oop eration  Schem es
In the above we analyzed the general problem of the adaptive modulation for the parallel 
relay network. In the next, we will provide two types of the adaptive modulation schemes 
to provide practical insight of the above analysis.
4.4.1 Algorithm Description
In the half-duplex DF relaying cooperation systems, the transmission is made up of two time 
slots, and the 2nd slot may be unnecessary repetition under certain system BER requirement. 
Therefore, in such a transmission procedure, when the 1st slot is reliable enough, the 2nd slot 
can be omitted. So we propose to use fixed low-rate modulation in the 1st slot transmission 
to maximize the reliability of the 1st slot transmission; while adaptive modulation is used at 
the relay as a variable-rate repetition from the relay can both ensure the system requirement 
of BER and decrease the redundance in fixed rate DF relaying transmission.
Compared with our general analysis in the above section, this has reduced the number of
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variables to 1 in (4.18). ks and ks2 are assumed to be the lowest allowed transmission rate, 
and kr is the variable to be adaptively changed. This is also very useful when the relay 
is close to the destination, and only the relay is available with the network channel state 
information. We name the schemes developed from this as Type-I modulation-adaptive 
cooperative schemes (Type I-MACS).
Here we consider BPSK, QPSK, 16QAM and 64QAM as the candidate modulations, but 
it can be extended to other modulations accordingly. The adaptive transmission can be 
described as follows.
Slot 1 - The information bits are modulated in low order modulation scheme, e.g., BPSK, 
x s , to transmit from the source. In this case, the constellation size M s =  2 and transmission 
rate ks — 1. If destination can get the correct information, checked by the CRC exploited, 
the subsequent slot will be ignored, which results in the overall spectral efficiency as p =  ks .
Slot 2 - This is only needed when the 1st slot transmission at the destination fails. If the relay 
can get the data correctly in the 1st slot, it will forward the data to the destination using 
adaptive modulation with respect to the available network CSI at the relay. The information 
bits are remodulated into x r , with modulation scheme chosen from BPSK, QPSK, 16QAM 
and 64QAM. If the time slot for each block with BPSK transmission is T, then the resulting 
slot duration will be T, T /2, T /4  and T /6  accordingly. Obviously, the transmission efficiency 
can be improved with higher order modulations. If the relay is not able to recover the data 
from the source, the source retransmits the data itself in this slot.
Adaptive modulation is performed according to several SNR regions with some region bound­
aries [2, 92]. In the next section, we discuss the region boundaries for the modulation adap­
tation among BPSK, QPSK, 16QAM and 64QAM.
4.4.2 Adaptation Criteria
The general problem in (4.18) can now be simplified to, 
maximize k r
subject to V bsd [(1  -  V b3r) V ard +  V lV asd] < V \  4'31)
where Vbd,Vbr and Vssd are all deterministic as the transmission rate at the source is fixed. 
Now the problem is transferred to divide the received SNR of the RD link into several 
consecutive regions, and for each region, a certain modulation format is chosen.
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Substituting (4.14) and (4.15) into (4.31), we obtain the region boundaries SNR j n for 
modulation adaptation of RD link, when VbrVssd < V1 /V bsd as,
J n  =  ~  
9r
In (1 ~-Pbsr)
( S j  - v i v sadi
9sjsd (4.32)
where gs is the modulation related constant at the source, and g£ is the modulation related 
constant at the relay when the modulation with index n is used, n ^  5. For this typical 
system, the g™ is computed from equation (4.13) with results shown in Table 4.4.2. For the
Table 4.1: g£ for various modulations
index modulation 9r
1 BPSK 1
2 QPSK 1 /2
3 16QAM 1/10
4 64QAM 1/42
BER boundaries, 71 =  0,75  =  00 . When the instantaneous SNR of RD link drops to the set 
[7n ,7n+i], modulation scheme with parameters g£ will be used. If VbrVssd > %/+%> which 
means SD link is not reliable, to make sure the total performance can be acceptable, the 
lower (1 — Vbr)VSrd Ike better, in this case BPSK will be used at the relay to make this term 
as small as possible.
The scheme with SNR boundary shown in (4.32) is the optimal one, given name O-MACS, but 
seems very complicated. Hence we provide two simplified schemes with simpler boundaries 
formulation. Even though the proposed scheme can work in one of the following three modes: 
SD only with no error, RD and SD combined together, SD only with retransmission, the 
most important mode is the 2nd one. The scheme with the target of ensuring the combining 
performance of SD and RD link Vsrd + V1, is called C-MACS. Accordingly the boundaries 
can be found as
7n =  jn [In (^r) -  gsj sd] (n =  2 ,3,4)
7 i =  0,75  =  00
when ln ) > g3j Sd- If ln ( /r )  + gslsdi which means SD link itself can achieve the target 
BER, the 64QAM will be used at the relay to enhance the BER performance with the least 
redundance.
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In the above two methods, the CSI of SD link is also needed at the relay, and an easier 
method which does not need this information is to make sure only RD link fulfills the target,
called S-MACS. If RD link fulfills the BER target, Vrd ^ 7 /  the combining BER, can 
definitely fulfill the target. The resulting boundary region is given by
4.4.3 Performance Analysis
Four modulation modes are used in the proposed scheme, and each mode n will be chosen 
according to the SNR of the RD link 7 ,.d with probability
J rfn+i
Virdin)^' (4 -35)
In
The instantaneous BER of the system dqn be calculated using (4.13), and the overall BER 
of the system V  should be calculated considering all the n modes V(n) according to the 
modulation used in the RD link. The total average BER of the system is,
A
where, V{n) is the instantaneous BER with modulation scheme n used at RD link, plsd, plrd, 
plsr are the pdf of the received SNR for SD, RD and SR link, with exponential distribution 
in Rayleigh fading channels.
The average spectral efficiency is calculated considering all the cases for transmission. If the 
1st slot transmission is correct, the spectral efficiency for BPSK is 1 bit/s/Hz; when the relay 
participates the transmission with rate k f  the spectral efficiency is f f n; when the source 
retransmits in the 2nd slot, this results in the spectra efficiency of 0.5 bits/s/Hz. Therefore, 
the overall average spectral efficiency for the proposed schemes is,
7n =  ^ - ln (^ f)  (n =  2,3,4)
(4.34)
71 =  0 ,75 =  oo
(4.36)
(4 .3 7 )
t + rfcn P r(n ) +  0-5Vbsr]}pls(1P7srdqsddysr.
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4.4.4 Simulation Results
In this section, we present simulation results for the proposed schemes. The block size is 
set to be B =  192 bits per block, and 16-bit CRC code with generator polynomial given 
by coefficients 15935 (hexadecimal notation) is used. Independent flat Rayleigh fading are 
assumed for all channels. The SNR shown as the AT-label is the SNR for SD (the same with 
SR) link, ranging from OdB to 20dB. The relay is close to the destination, resulting RD link 
a 20dB higher average SNR than SD and SR link, which is from 20 to 40dB. The target 
BER V1 for adaptive modulation is 10~3.
Single-relay system
Shown in Figure 4.7 and Figure 4.8, we compare the proposed three schemes with non- 
cooperative transmission, fixed DF relay system with CRC and multiple antenna system with 
single transmit antenna and two receiving antenna. For fixed DF relaying without CRC, the 
spectral efficiency with BPSK modulation is fixed to 0.5/bits/s/H z. Here the fixed DF is 
simulated with modification to have CRC detection at destination as well. This is to show 
the performance difference of proposed adaptive scheme over fixed relaying transmission 
provided by the adaptive modulation instead of the CRC check based incremental relaying. 
The non-cooperative transmission with adaptive modulation is also shown in the figure, to 
give a clear vision of the diversity gain cooperative systems can provide.
Obviously, two receiving antenna system serves as a lower bound for the cooperative system. 
This is equivalent to a relay system with perfect RD link. From the figures, we observe that 
the BER performance of the proposed system is as good as the fixed DF relaying, but the 
spectral efficiency has got great improvement.
Parallel-relay system
A parallel-relay system with two relays are simulated as an example here, which can be 
extended to network with more relays. As has been analyzed, selecting one relay with the 
best RD link is a good solution in parallel-relay system. Therefore, no matter the number 
of relays in the system, the proposed adaptive schemes only take at most 2 time slots, 
which results in a even higher spectral efficiency than the fixed DF relaying. The average 
BER and spectral efficiency are shown in Figure 4.9 and Figure 4.10. Keeping almost the 
same BER performance with the fixed DF relaying, the proposed schemes provide significant 
improvement in spectral efficiency. The performance of the single relay system is also shown
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Figure 4.7: BER performance of Type-I MACS in single relay system
in the figures, which indicates the performance improvement by parallel-relay network over 
single relay case.
Based on our analysis, O-MACS should serve as the optimal scheme, but the simulation does 
not show too much advantages of it over the other two. In the SNR boundary of O-MACS 
in (4.32), if the V bsrVssd is larger than V 1 /V bad, BPSK will be used at the relay. So, even if 
the 7n in (4.32) is quite small, the spectral efficiency will still be affected by the case that 
the source does the retransmission in the 2nd slot. It has to pay for the low reliability of the 
retransmission of the source by using BPSK, which causes the decrease of average spectral 
efficiency. So in practical system, we can choose simpler scheme C-MACS or even S-MACS 
which need less feedback information of the channels to achieve comparable performance.
4.5 T yp e-II M od u la tion -A d ap tive  C oop eration  Schem e
In Type-I adaptive modulation schemes, adaptive modulation is used at the relay only pro­
viding the feedback information at the relay. When CSI is available at the source, not only
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Figure 4.8: Spectral efficiency performance of Type-I MACS in single relay system
the relay but also the source can dynamically change their constellation sizes. In this con­
text, Type-II modulation-adaptive cooperation scheme is proposed. This is developed from 
the source-priority solution proposed in Section 4.3, the performance of which is shown to be 
much better than fixed DF relaying with low complicity and feedback cost. In this scheme, 
the source has the priority to transmit to the destination itself with adaptive modulation. 
Once the direct transmission is not reliable enough for the BER constraint, the relay is 
activated with adaptive modulation subject to the channel conditions.
4.5.1 Algorithm Description
Here we also consider a 4-mode adaptive modulation scheme with BPSK, QPSK, 16QAM, 
64QAM, as a case study for the general problem analyzed based on the proposed source- 
priority solution in Section 4.3.
Firstly, define the adaptation regions for each modulation in the 1st slot (equivalently, we use 
the modulation related parameter gs for simplicity). The gs for these four modulation can­
didates BPSK, 4QAM, 16QAM and 64QAM is the same with in Table 4.2. The adaptation
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Figure 4.9: BER performance of Type-I MACS in two-relay system
boundaries of 7 sd are computed with the BER constraint as,
0 .2 exp(-&,7 sd) =  Vb. (4.38)
jsd is divided into 5 regions as shown in Figure 4.11 with Vb =  10~3. When 7sd G [23.5,00), 
64QAM is used, and 7 sd G [17.2,23.5) for 16QAM, gsd G [10.3,17.2) for QPSK, 7sd G 
[7.2,17.2) for BPSK. When 7sd < 7.2, direct transmission can’t satisfy the target BER, thus 
the 2nd slot is activated.
Secondly, define the adaptation region for the 2nd slot transmission. When the relay is 
successful in the 1st slot, the adaptation boundaries are acquired by solving
0 .2 exp(—pr7 rd -  1 • 7 sd) =  V1 (4.39)
Replacing qrd by 7sd, we can find the adaptation boundaries for the source retransmission
in the 2nd slot. Thus the region of 7sd G (0,7.2) can be divided into 4 regions for these two
cases respectively. The regions of 7sd with different modulation formats used are presented 
in Figure 4.11. There are total 12 adaptive regions with log2 12 bits feedback cost, which is 
in line with the analysis in Section 4.3.
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Figure 4.10: Spectral efficiency perform ance of Type-I MACS in two-relay system
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Figure 4.11: Regions for adaptive m odulation for Type-II MACS
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4.5.2 Simulation Results
In  this section, com puter sim ulations were carried ou t to evaluate the perform ance of the 
proposed schemes. All the channels in the network are modeled as independent Rayleigh 
block fading channels. The block size is B  =  96 bits. In  the simulations, the  transm it power 
is set to be the same a t source and relays for simplicity. The target B ER  is V 1 =  10“ 3.
Figure 4.12 and 4.13 show the  average B ER  and spectral efficiency of the proposed Type- 
II MACS compared to  fixed D F relaying and increm ental relaying schemes in single-relay 
network. For fixed D F w ith BPSK, the spectral efficiency is constantly 0.5 b it/s /H z  w ith 2 
slots of transm ission for each d a ta  block. T he increm ental relaying can improve the spectral 
efficiency as the retransm ission from relay is by-request only. However, the  average spectral 
efficiency for this scheme is no larger th an  1. T he proposed scheme can significantly improve 
the spectral efficiency to 4.8 b its /s /H z  a t 25dB. The perform ance of Type-I MACS with 
adaptive m odulation a t relay only is also shown in the figure. The Type-I MACS can 
improve the spectral efficiency com pared to  fixed D F and increm ental D F relaying. B ut 
w ithout adaptive m odulation a t the  source, the improvement is limited. If we increase the 
m odulation order for non-adaptive D F relaying system  to  fixed 64QAM as shown in the 
figures, the spectral efficiency is as good as the  proposed scheme, bu t the B E R  is always 
worse th an  the target 10~3.
In  addition, the proposed scheme is extended to a  parallel-relay network w ith  2 relays using 
selection combining. As the B ER  perform ance of the proposed scheme is similar to  the 
fixed D F relaying w ith BPSK, shown in the above simulation. We only present the spectral 
efficiency comparison w ith fixed and increm ental D F relaying w ith BPSK  m odulation. The 
sim ulation results are plo tted  in Figure 4.14. In  traditional relay-by-relay D F scheme with 
fixed BPSK , the spectral efficiency is fixed 0.33 b it/s /H z  as in to ta l 3 slots are needed for 
the whole transm ission. The spectral efficiency is improved by increm ental relaying to up to 
1 b it/s /H z . However, the proposed Type-II scheme shows further improvement.
4.6 A d ap tive  M od u lation  for O pportu n istic  D F  R elaying Sys­
tem
In the above, we have investigated the adaptive m odulation schemes for CRC-based incre­
m ental D F relaying systems. For the parallel-relay network, only the best relay w ith the
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Type-II MACS 
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Figure 4.12: Average BER performance of proposed Type-II MACS in single relay network
highest RD link SNR will be selected to participate the relay transmission. However, in 
this case, the relay can’t be chosen before they feed back their CRC check results. The 
modulation used at the relay can only be determined after the signaling information arrives 
the source. This increases the delay of the system. Therefore, a better solution is needed 
to decide the modulation formats for the source and the relay before the transmission with 
respect to CSI only. On the other hand, in the above we mainly compare the performance 
of fixed DF relaying and the proposed schemes. However, both of them are based on the 
relay transmission. The half-duplex constraint can decrease the spectral efficiency of relay 
transmission compared with the direct transmission. So a question comes as, if adaptive 
modulation is used in the direct transmission as well to satisfy the same BER constraint, (s 
the spectral efficiency of DF relaying still better than the direct transmission?
Therefore, we propose the adaptive modulation for an opportunistic-based DF relaying sys­
tem. The recently reported opportunistic relaying scheme is one of efficient ways to improving 
the spectrum efficiency in the multi-relay scenario. Its basic idea is to selecting the best relay 
node amongst all available relays through the employment of a certain selection policy. It has
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Figure 4.13: Spectral efficiency perform ance of proposed Type-II MACS in single relay net­
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-©—  DF with fixed BPSK 
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Figure 4.14: Spectral efficiency perform ance for proposed Type-II MACS parallel relay net­
work
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been shown in [95] that the opportunistic relaying can achieve the same diversity-multiplex 
trade-off as the relay-by-relay transmission. The most common opportunistic relaying crite­
ria proposed in current literatures is SNR, as we do for the selection combining for MACS 
in the above sections.
In this section, we consider a novel selection algorithm for the opportunistic-based DF relay 
network exploiting adaptive modulation. Our major contribution lies in: 1) Spectral effi­
ciency is proposed to be a new criterion; 2) This criteria is not only used for selecting the 
best relay, but also for the system to dynamically switch between direct transmission and DF 
relaying transmission; 3) optimization issue of the DF relaying transmission with adaptive 
modulation has been carefully investigated.
4.6.1 Opportunistic DF-Relay Network
Without CRC employed in the system like in the system investigated in the above section, 
the system model of this proposed scheme is slightly different. Figure 4.15 illustrates a relay 
network accommodating one source node, S, one destination node, D, and L relay nodes, 
Ri, i £ {1,2, ..L}. In this system, the network channel state information is fed back to the 
source, but there is no signaling information about the CRC check results as shown in Figure 
4.2. Under an opportunistic basis, the system can dynamically switch into the transmission 
mode to improve the spectral efficiency. The ‘opportunistic’ here has two meanings. First, 
the system can dynamically switch between two transmission modes: Direction transmission 
(DT) and opportunistic DF relaying transmission (DF) [95]. Second, when working in the 
DF mode, the ‘best’ relay is picked using the spectral efficiency criteria in conjunction with 
adaptive modulation. Referred to the figure, one of the direct link or the best relay (highlight 
in dark colour) is chosen to do the transmission.
In DT mode, the source transmits a block of signals to the destination directly with relays 
staying in idle.
In DF mode, only the rth amongst all the L relays is chosen as the best relay to assist the 
transmission.
We propose to use spectral efficiency as the rule to switch between these two transmission 
modes and select relay in the DF mode. Suppose the spectral efficiency in DT mode trans­
mission is rf  bits/s/Hz, in DF mode with ith relay is if. We aim to transmit in the mode
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Mr
Figure 4.15: O pportunistic-based Parallel relay system model
which leads to the m axim um  overall spectral efficiency as follows,
tl(r) =  m ax (p ° ,p l ), (4.40)
i=l, ••• ,L
where r is the index of the selected relay. W hen r  =  0, the system switches to  DT mode. 
W hen r £  [1,6], the system  switches to DF mode w ith the r th  relay selected, this relay is 
defined as the best relay in opportunistic  D F relaying in this thesis.
For the above DF opportunistic  cooperative system, we propose to use adaptive m odulation 
to improve the spectral efficiency with BER and power constraint. The transm it power are 
assumed to be Ps and Pr a t the source and the relay respectively. The source is responsible 
for the adap ta tion  w ith respect to the CSI through the delay-free and error-free feedback 
link. W hile our discussion here is based on uncoded system, our proposed scheme can be 
easily extended to coded system w ith a fixed coding gain applied.
W hen operating in the DT mode, the adaptive m odulation is the same w ith single-link 
system, which has already been solved in [2]. T he optim al spectral efficiency is achieved as
v° = iog2 0+ ’ (4-4 i)  
when the overall B ER  satisfies V °  =  0 .2exp(—gglsd) = F \  where V 1 is the target B ER  and 
7 sd is the SNR of SD link.
However, in D F mode, since the transm ission involves both  the source and the relay with 
m ultiple links, to accom m odate the adaptive m odulation raises as a  new problem. In the
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next section, we will investigate the  adaptive m odulation in D F mode to  improve the spectral 
efficiency defined in (4.12) under the B ER  constraint.
4.6.2 Adaptive Modulation for DF Mode
In  D F mode, bo th  the  ra te  for the source and the  relay are adapted  together to  improve the 
overall spectral efficiency. Take the i th  relay as an  example, our objective is,
m ax j  =
4 , 4  k*+4  (4i42)
s.t. < V
where k ls and k lr is the transm ission ra te  for the  source and relay when the i th  relay is selected 
for the  transm ission, V 1 is overall B ER  when relay i selected to  transm it in D F mode.
In D F mode, the  B ER  of the  diversity combining of the  d a ta  received from SD and RjD 
link is denoted by V Sid(e). However, there are two cases a t the relay resulting different 
overall BER. Let E si denote the decoding result of relay Rj. E ai =  1 indicates th a t the 
relay cannot decode the d a ta  from source correctly, while E Si — 0 indicates the successful 
decoding. Considering these, the  overall B E R  can be given as,
P*(e) =  (1 -  P ai(e)) P aid{e\Eai =  0) +  Vsi(e)Vsid(e\Esi =  1) (4.43)
W hen E ar. =  1, the wrongly decoded d a ta  will be transm itted  from the  relay, which may 
cause error propagation. In  this case, the resulting B ER  of the combined signals for source 
and relay, V Sid{e\ESi =  1) may be worse th an  the B ER  of direct transm ission from the source. 
However, the exact B ER  in th is case is difficult to  calculate. As V Sid(^\Esi =  1) <  L  a  upper
bound of the overall B E R  is given as,
P i ( e ) < P aid(e) + P ai( e ) = P idp
=  0 .2 e x p ( - 7j 7 sd -  rfr'itd) + 0 .2 e x p (-s} 7 sj),
where y si and jjd  denote the  received SNR of SRj and RjD link respectively, g\ and glr 
are m odulation related constants for the source and «th relay, gls =  1.5/(2*« — 1), glr =  
1 .5 /(2fc* -  1).
W ith  the exact B ER  difficult to  acquire, we replace V l (e) w ith the upper bound V lup to  find 
the optim al solution of the  following,
m ax 7f  — -Khr
k‘,k< ' k‘+k(. (4 45)
s.t. P lp < PK
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N ext we investigation the optim ization of the  problem  defined in (4.45).
4.6.3 Optimization of DF mode
To simplify the analysis, we rew rite the optim ization problem  in (4.45) as the functions of g \ 
and g lr , and the m axim um  problem  can be transferred into the m inim um  problem  as below,
1,1 =  io&Ci+Ys/jj) +  iog2(i+i.s/ef.) (4 4g)
s.t. e x p ( - g lsy sd -  glry id) +  e x p ( - g lsysi) <  b V l .
T his optim ization problem  is a  convex program m ing [Refer to  A ppendix E], Therefore, 
Lagrange m ultiplier m ethod can be used to  find the optim al solution. T he Lagrange function 
is
A s l o l A i )  = log2(1+1 1.5 /s i ) +  iog2( i +1 i .5/ * ) + «  (“ P H f o -  -  rflM ) +  « x p (-« f7 -)  -
(4.47)
where p i is the Lagrange m ultiplier. The optim al g \ and g\. can be found by solving the 
following equations,
dp(g ig U p i )  _ n dcp{gi,gi,pi) _ n _ n (A AO\
dgls dglr dpi
I t  is difficult to  give the optim al solutions in a closed-form expression. Practically, the 
num erical results can be found by MATLAB.
In the above investigation, we consider continuous adap tation , i.e., h®, k ls and k lr are a rb itrary  
non-negative real num bers. However, the m ethod proposed is easily extendable for discrete- 
ra te  case.
4.6.4 Discussion
In the above, we have investigated the optim ization of spectral efficiency in D F m ode by 
adjusting  the m odulation param eter a t bo th  the source and the relay. In  our proposed 
scheme, the system  works in either D T m ode or D F m ode w ith the best relay r  selected 
by com paring there achievable spectral efficiency as defined in (4.40) w ith respect to  the 
channel conditions. The cooperative transm ission w ith D F relaying is no t always a  good
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option over the D T transm ission when considering the spectral efficiency. Here we discuss 
some conditions for the system  to switch between these two modes.
W hen jid  < y sd, the  B ER  bound of D F m ode (4.45) is larger th an  of the D T transm ission,
W ith  the same B E R  constrain t V 1 on D T  and D F transm ission, the  transm ission ra te  a t the 
source in D F mode should be smaller th an  the  direct transm ission, k ls < h®. W ith  another
th an  the D T mode. Therefore, a  necessary condition for the system  to  switch to D F mode 
is th a t there exists a t least one relay which has a  b e tte r SR link th an  the SD link.
I t indicates th a t the perform ance of D F m ode is lim ited by the lower ra te  of the  SRj and 
RjD  link. Therefore, the D F m ode is helpful only when the transm ission rates a t bo th  the 
source and the relay are twice b e tte r th an  the D T mode. Equivalently, this requests the 
received SNR of the SR; and R^D link twice b e tte r th an  the SD link. W hen either SR* or 
R^D is no t good enough, the  spectral efficiency of D F mode is worse th an  the D T mode.
4.6.5 Numerical Results
In th is section, com puter sim ulations were carried ou t to  evaluate the  perform ance of the 
proposed opportunistic  based scheme. T he spectral efficiency are com pared among the pro­
posed adaptive m odulation scheme, non-adaptive (fixed-rate) D F relaying transm ission and 
adaptive direct transm ission. All the  channels in the  network are modeled as independent 
Rayleigh fading channels, which rem ain constant over the transm ission of each block. The 
block size is set to  be B  =  96 bits. In  the sim ulations, the transm it power a t the source 
ad relays is set to  be the  same for simplicity. The target B ER  for adaptive m odulation is 
V 1 =  10~3.
F irst the  perform ance in a single relay system  is investigated in Figure 4.16. In  the system, 
the relay is in the m iddle of the SD link, resulting in a  6dB higher average SNR in SR
V lup > 0 .2 ex p (-£ * 7 sd -  glrj rd) +  0 .2 e x p ( - ^ 7 srf) 
>  0 .2 e x p ( -p 77 sd).
(4.49)
slot of transm ission from the relay, the  overall spectral efficiency for D F mode is smaller
As is well know, has the following bounds,
(4.50)
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and RD link th an  SD link because of passloss. T he proposed scheme is sim ulated w ith 
continuous ra te  adaptation . For simplicity, the  fixed m odulation cooperative schemes are 
sim ulated w ithout the B E R  constrain t here. Therefore, the spectral efficiency of fixed QPSK 
and 16QAM D F cooperation is 1 and 2 b its /s /H z , respectively. However, in low SNR range, 
the B E R  of these two schemes can ’t satisfy the B ER  target of 10- 3 , which is ou t of the 
scope of our consideration. T he proposed adaptive transm ission based on opportunistic  DF 
relaying perform s the best. In  the  figure, we can also observe th a t from the spectral efficiency 
point-of-view, non-adaptive D F relaying is no t always a  good choice. T he perform ance is 
not as good as adaptive direct transm ission w ith high SNR in SD link.
Figure 4.16: Com parison of continuous ra te  for single relay system  w ith relay in the middle
The sim ulation results in a  m ulti-relay network w ith all relays in the  m iddle of the SD 
link are presented in Figure 4.17. For the adaptive m odulation, we consider discrete ra te  
adap ta tion  of JV =  8 m odulation candidates here. Com pared the perform ance of the single 
relay in Figure 4.16, it can be observed th a t the perform ance of continuous rate  adap tation  
is -an upper bound of the discrete rate. W ith  m ultiple relays in the system, the spectral 
efficiency of the proposed scheme can be further improved because of the selection diversity. 
The spectral efficiency of fixed-rate D F cooperation is decreased as ex tra  tim e slots needed
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to provide orthogonality for source and all relays.
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Figure 4.17: Com parison of discrete ra te  for m ulti-relay system  w ith relay in the  m iddle
In  Figure 4.18, the average SNR of SD link is fixed lOdB, w ith the SNR of SR and RD link 
ranging from 0 to 20dB. In this case, the perform ance of direct transm ission is fixed, and 
the spectral efficiency is increased from 0.5 to  3 b its /s /H z  by the proposed scheme w ith 3 
candidate relays in the  system. Figure 4.19 gives the sim ulation results for a  typical transm it 
cooperation, where the relay is close to  the source w ith a fixed 20dB SNR of SR link. The 
perform ance improvement of the proposed scheme over adaptive direct transm ission is slight. 
This is because the average SNR of RD link is the same w ith SD link, which lim its the benefits 
from the relaying transm ission. This is in line w ith our discussion before.
To com pare w ith non-adaptive cooperative transm ission system  and our previous proposed 
schemes, here a case study  of a  4-mode adaptive m odulation scheme w ith  single relay is pro­
vided in Figure 4.20. T he 4 candidate m odulations are BPSK, 4QAM, 16QAM, and 64QAM. 
For D F cooperation w ith fixed BPSK , the spectral efficiency is constantly  0.5 b it/s /H z . The 
perform ance of our previous proposed Type-I and Type-II MACS are also presented in the 
figure. T he previous schemes can improve the spectral efficiency com pared w ith  the non-
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Figure 4.18: Com parison of discrete ra te  for m ulti-relay system w ith fixed lOdB SD link
adaptive D F relaying transm ission. However, the proposed adaptive m odulation for this 
opportunistic  based D F relaying system  has the best performance.
4.7  E xten sion  to  Im perfect CSI
Due to the transm ission delay and the processing delay bo th  a t the tran sm itte r and receiver, 
perfect CSI is no t always available a t the tran sm itte r side. CSI feedback a t the transm it­
ter may become outdated , unless the channel variations are sufficiently slow [70]. Noisy or 
quantized channel prediction are also very common in practical system s [90, 96]. So fur­
ther investigation of m odulation-adaptive cooperation w ith  partia l or im perfect CSI a t the 
tran sm itte r side is w ith great im portance. In  this section, we extend our Type-I and Type-II 
adaptive m odulation schemes to  the  scenarios w ith delayed feedback.
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Figure 4.19: Com parison of discrete ra te  for m ulti-relay system  w ith fixed 20dB SR link 
4.7.1 Slowly Time-varying Channel Model
We consider slowly tim e-varying Rayleigh fading channels [90] w ith the following assum p­
tions:
AS1): The channels hsd, hsi and hid &re independent Rayleigh fading channel w ith un it 
m ean and variance of cr|sd> Jflsi and o 2.d respectively, and fixed during a  whole cooperative 
transm ission of one block.
AS2): W ithou t loss of generality, the channel between each transm itter and receiver pair 
is modeled as slowly tim e-varying fading channel according to C larks’ model w ith Doppler 
spread fd\ thus we have E {h * (t)h (t +  r )}  =  Jo (2 x fd r)  (we om it the footnotes as i t ’s general 
assum ption for all channels), where r  is the  tim e delay, and Jq(-) is the zeroth order Bessel 
function of the first kind.
AS3): C ertain  channel estim ation technique is used a t the receiver, so all receivers know the 
perfect CSI. To enable adaptive m odulation, the receiver feeds the estim ated CSI back to  the 
transm itter. As is commonly assumed, we suppose th a t the feedback channel is error-free,
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Figure 4.20: Spectral efficiency com parison of case study  for single relay system 
which can be ensured by coding and ARQ protocol.
Based on A S1) to  AS3), the  tran sm itte r obtains an unbiased channel estim ation h based on 
partia l CSI received from receiver th rough the feedback channel; before updated  feedback 
arrives, the transm itte r trea ts  h  as determ inistic, and it relies on an  estim ation of the true  
channel h, which is formed as
h = h  +  e (4.51)
where, e is zero-mean complex G aussian w ith m ean erf, independent of the channel co­
efficients. T he determ inistic pair (h ,o f)  param eterizes the partia l CSI, which is updated  
regularly given feedback inform ation from the receiver. The partia l CSI param eters (focrf) 
can be provided in m any different ways w ith realistic consideration. In th is thesis, we use 
delayed CSI as specified in [90].
Let h  denote the channel feedback from receiver to  transm itter. Notice th a t bo th  h  and h 
are complex Gaussian vectors, draw n from the same distribution C A f(l, a 2). I t can be shown 
th a t E {h h }  = pofv  where the correlation coefficient p  =  Jo(27r/dr )  determ ines the feedback 
quality. The m inim um  m ean-square error (MMSE) estim ator of h based on h  is given by
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E {h \h }  — ph, w ith estim ation error having variance a 2( l  — |p |2). Thus, for each realization 
of h, the  tran sm itte r obtains
h  =  p h ,a 2t  =  <7jJ(l -  |p |2) (4.52)
As only one relay is selected to  do the transm ission, the  parallel relay system  w ith m ultiple 
relays is equivalent to  the  single relay system. Here we consider two cases for our algorithm  
design - delayed CSI is available a t relay only and a t bo th  source and relay, i.e., Type-I and 
T ype-II MACS.
4.7.2 Type-I Adaptive Modulation Schemes
W ith  CSI only a t relay, this is an extension of our previous work w ith the  only difference of 
the quality of CSI. Let y sci, % r and y rd denote the estim ated receive SNR of SD, SR and RD 
link. V bd and V br denote the estim ated block error ra te  for SD and SR link, and V sd and 
V rd are estim ated B ER  of SD and RD link, respectively. The estim ated B ER  of combined 
SD and RD link is V srd, and V S3d is the  SNR if source retransm its in the 2nd slot. For fair 
com parison w ith conventional D F system , we suppose the to tal transm ission bits num ber 
is fixed, and adaptive m odulation is to  choose M ftQ A M  to maximize the transm ission ra te  
a t the relay, as the transm ission ra te  a t the source is fixed. Thus, the objective function is 
defined as
m ax M ) (4.53)
i
w ith constraint
f  = f t d  1(1 -  r ir ) r ir d (M l)  + r i A s d }  < V \  (4.54)
which is a  development of the proposed Type-I O-MACS in Section 4.4.
Because the relay is only used when the destination fails to decode in the  1st slot, and the 
relay decodes correctly, th a t ’s V bd — 1 and V br =  0. T hen  the constrain t can be simplified 
to
r i r d ( K )  < V 1 (4.55)
which is in line w ith  the proposed C-MACS in Section 4.4. For this constraint, the  channel 
inform ation of SD link is needed a t the relay as well. W hen the relay is only available w ith
CSI of itself to  the destination, we use a more stric t constraint to  ensure single RD link
already achieves the target B ER  as follows,
rid (M 'r ) <  V ‘ (4.56)
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T his refers to  the previous proposed Type-I S-MACS. In the previous investigation, this 
scheme shows close perform ance w ith using the constrain t in (4.54) and (4.55).
Using the same B ER  approxim ation of M -Q A M  m odulation as before in (4.13), the channel 
fading levels are divided into several consecutive and non-overlapping fading regions TZi as­
sociated w ith M*. Each 7Zi corresponds to  the interval 7  £ [7 i , 7 i+ i). If adaptive m odulation 
among BPSK, QPSK, 16QAM and 64QAM is considered, substitu ting  (4.13) into (4.56), we 
get the  following boundaries,
7 i =  0,75 =  00
If the estim ated SNR 7 rd a t relay falls into the  set [7 i , 7 »+i), relay chooses the m odulation 
w ith ra te  i, and M* =  2b
4.7.3 Type-II Adaptive Modulation Schemes
In  our proposed Type-II MACS, the CSI is available a t bo th  the source and the relay. 
Therefore no t only the relay bu t also the source can dynam ically change their constellation 
size. If the  constellation size for the source, relay and retransm ission a t the  source are M s , 
M r and M s2, respectively, the transm ission rate  are 2iS) 2i r and 2is2. W hile m aintaining 
the overall B E R  can fulfill the ta rge t B E R  V 1, our ta rget is to  maximize the overall spectral 
efficiency as
Following the steps introduced in Type-II MACS before, we have,
Step 1 . Source chooses the  m axim um  M s to  ensure SD link can achieve the ta rge t BER:
7( =  - l n f P ‘) ■ 2(M< -  l ) / 3 , ( i  =  2 ,3 ,4 ),
(4.57)
(4.58)
T he B ER  constrain t for the  whole transm ission is,
P e =  y * ,(M ,)[( 1 -  V br (M s) ) t ,r d (M „ M r ) 
+ P bsr(Ms)Paad(Ma,M a2)] <  P l.
(4.59)
Vsd{M s) < V b (4.60)
If the SD link is reliable, the destination  can receive the d a ta  correctly, and transm ission 
changes to  non-cooperative comm unication. Thus only one transm ission slot is needed and
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the  efficiency is improved. Now the problem  for SD channel is a  sim ilar problem  w ith 
trad itional non-cooperative system. The adap ta tion  regions can be found similarly w ith in
(4.57). If the  estim ated SNR 7Syd a t source falls into the set [7 ,^ 7-j+i), the  m odulation mode 
w ith transm ission ra te  i is used, and M s = 2l .
Step 2 . W ith  similar consideration, the  relay chooses the  m axim um  m odulation order th a t 
can support target V 1 from the combined SD and RD link.
Psrd(M r , M s) < 7 +  (4.61)
T his optim ization can be solved w ith  the boundaries described in (4.39). If the  estim ated 
SNR j r d^ a t the  relay falls into the set [7 i , 7 i+i)> the m odulation mode w ith transm ission rate  
i is selected, and M r — 2l . Similarly, the retransm ission ra te  a t the source can be com puted.
4.7.4 Simulation Results
In th is section, we present sim ulation results for the proposed schemes. T he basic settings 
for sim ulation are as follows:
Carrier Frequency: 5GHz,
Velocity of user: 3m /s,
M aximum Doppler: 50Hz,
Symbol D uration: 2p s,
Source Fram e size: 192 symbols,
Target BER: 10~3,
Coding: 16-bit CRC w ith generator polynom ial coefficients 15935 (hexadecimal notation). 
T he average SNR of SD link is ranging from 0 to  20dB, and the average SNR of RD link is 
20dB higher, assum ing the relay is 10 tim es close to  destination th an  source. For fair com par­
ison and to  reflect the improvem ent by adaptive m odulation, we use CRC for conventional 
D F in the  simulation.
Type-I adaptive modulation
We consider the  perform ance of single relay system  as an  example to  see how much delayed 
CSI can affect the  perform ance of the  proposed scheme. The sim ulation results are shown 
in Figure 4.21 and Figure 4.22.
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Figure 4.21: B ER  perform ance vs. delay for Type-I MACS
Different delays of feedback are considered, 0, 8 , 16 frames. 0 frame delay is equivalent 
to  perfect CSI a t relay. We observe th a t the proposed scheme has close B ER  perform ance 
to  fixed D F w ith CRC, bu t the  spectral efficiency is much higher. So, a t the  same level 
of BER, our proposed scheme can provide significant improvement in spectral efficiency. 
For sim ulations w ith delayed CSI, the B ER  perform ance is nearly the same w ith no delay, 
because of the constrain t of ta rget B E R  in our algorithm . At the same tim e the spectral 
efficiency improvement is still observable. Even if the CSI is delayed by 16 frames, the 
proposed scheme can provide higher spectral efficiency than  fixed D F w ith  CRC.
Type-II adaptive modulation
From the results, shown in Figure 4.23 and Figure 4.24, we can see th a t the improvement 
in term s of spectral efficiency is even higher. T his is in line w ith the results w ith  perfect 
CSI. Again the feedback delay does no t have a  severe im pact on the perform ance, even the 
spectral efficiency w ith 16 frame delay is still slightly higher th an  D F w ith  CRC.
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Figure 4.22: Spectral efficiency vs. location for for Type-I MACS 
4.8  Sum m ary
In  this thesis, we have addressed the adaptive m odulation design for single and parallel 
DF-relay networks. The general problem  to improve the spectral efficiency under B ER  and 
power constraint was analyzed, which was m athem atically  difficult to find the closed-form 
solution. Therefore, two simplified solutions, nam ely source-priority solution and relay- 
priority  solution were proposed.
To provide some practical adaptive m odulation schemes, we also proposed several 4-mode 
adaptive m odulation schemes including the m odulation candidates, BPSK , QPSK, 16QAM 
and 64QAM. F irst, we considered the scenario th a t the relay nodes were geographically close 
to the destination, which allowed the CSI available only a t relays. A class of adaptive m od­
ulation schemes, nam ed Type-I M odulation-A daptive Cooperative Schemes, were proposed. 
Sim ulation results have shown th a t the proposed schemes could offer significant spectral 
efficiency improvement in com parison w ith conventional fixed DF relaying systems.
To further improve the perform ance of adaptive m odulation in relay networks, we proposed
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Figure 4.23: B E R  perform ance vs. delay for Type-II MACS
Type-II MACS. In these schemes, adaptive m odulation was applied a t bo th  the source and 
the relay. Sim ulation results showed th a t th is scheme could further improve the perform ance 
in term s of spectral efficiency over fixed D P relaying and the Type-I MACS.
Considering the orthogonal relaying system , ex tra  slot is needed com pared w ith direct tran s­
mission. Therefore, the spectral efficiency for relaying system  may not be as good as the 
direct transm ission in some cases. In this case, we proposed the adaptive m odulation for 
opportunistic-based D F relaying scheme. Spectral efficiency was proposed to  be a  new crite­
rion for the system  to  dynam ically switch between direct transm ission and D F relaying trans­
mission. In addition, the optim ization issue of the proposed adaptive m odulation has been 
carefully investigated. C om puter sim ulations were carried out showing the  proposed scheme 
significantly improved the spectral efficiency in com parison w ith bo th  the non-adaptive D F 
relaying and adaptive direct transm ission.
At last we have extended our work to system s w ith im perfect CSI feedback a t transm itte r 
side. We have developed our proposed Type-I and Type-II MACS to  a  slowly time-varying 
channel w ith only delayed CSI available. The proposed schemes can still outperform s the
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Figure 4.24: Spectral efficiency vs. delay for Type-II MACS 
fixed D F relaying cooperation even w ith im perfect feedback as proved by our experiments.
C h a p t e r  5
A d a p t i v e  C o d i n g  f o r  C o d e d  
C o o p e r a t i o n
5.1 In trod uction
A daptive coding is one of the im portan t adaptive techniques in classic com m unication sys­
tem s as introduced in C hapter 2 . It can be im plemented by adapting among channel codes 
w ith different coding rate. R C PC  code is one m ethod to  generate codes w ith different rates 
from the  same m other code. Meanwhile, R C PC  code is applied in coded cooperation systems 
[13] to  enjoy bo th  the coding gain and diversity gain. Therefore, adaptive coding in term s 
of R C PC  is investigated for coded cooperation in this chapter.
In  coded cooperation, the  original message is encoded w ith full-rate convolutional code 
(m other code). The m other code is split into two com plem entary parts  by puncturing and 
each p a rt is transm itted  by the source and the  relay respectively. However, in the conven­
tional coded cooperation, the puncture  p a tte rn  is fixed and the source and the relay transm it 
half of the full-rate codeword, regardless of the channel conditions of the system . B ut when 
there is transm itte r side channel s ta te  inform ation available, can the coding pattern be ad­
justed adaptively according this inform ation? What is the optim um  puncture pattern fo r  a 
channel realization? How much performance gain the optim um  design can offer? Do we need 
to transm it the full-rate code to the destination when the channel is good? In  m any practical 
system s such as hybrid ARQ, retransm ission is required only when the receiver detects errors
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and makes a  request. These questions m otivated us to  investigate the adaptive coding for 
coded cooperation.
The adaptive coded cooperation is investigated by our proposed two adaptive coding schemes, 
namely, adaptive puncturing  coded cooperation and ARQ-based adaptive coded cooperation. 
In  the adaptive puncturing coded cooperation scheme, assuming the CSI of all related chan­
nels is available a t the source, we propose the optim um  puncture p a tte rn  to  minimize the 
overall BER. I t is found th a t the proposed transm ission scheme can offer up  to  2 dB perfor­
m ance gain in comparison w ith the fixed-pattern coded cooperation. Based on hybrid-ARQ 
techniques, we propose th a t either the source or the relay sends only a  sub-codeword until 
the destination can decode the signals correctly. T his is a  typical case for a  com m unication 
channel w ith erasures. R andom  rateless erasure codes, such as Fountain codes, can offer 
the near network-capacity perform ance for these scenarios [97]. Therefore, borrowing the 
idea of Fountain codes, we propose the ARQ-based adaptive coded cooperation strategy. 
Indeed, there is already some work combining Fountain codes w ith relay networks [98]. O ur 
objective is to  investigate w hat perform ance this determ inistic puncture  codes can offer for 
coded cooperation.
T he rest of th is chapter is organized as follows. In  Section 5.2 the system  model of coded 
cooperation is presented. T he proposed two adaptive coding schemes for this system  are 
presented in Section 5.3 and 5.4, respectively. Com puter sim ulations are carried ou t w ith 
results shown in Section 5.5, and Section 5.6 gives the sum m ary of th is chapter.
5.2 System  M odel
Here we give the  model of coded cooperation system  in cellular networks as shown in Figure
5.1, w ith two mobile users, U serl, User2 and base sta tion  in the system. B oth users have 
d a ta  to be transm itted  to BS. T he channels among them  are all modeled as independent slow 
Rayleigh fading channel. T his model in cellular network is a  typical example for cooperative 
com m unication to  provide transm it diversity where each user can only be fixed w ith single 
antenna. Please note this model is only an  example, and the coded cooperation and proposed 
schemes are applicable to other networks, such as sensor networks.
Suppose there  are a to tal of K  inform ation bits per source block, and each block is encoded 
w ith an  error correction code w ith ra te  R , and the to tal encoded bits per source block is
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Figure 5.1: System model for coded cooperation transm ission
N .  T he two users cooperate by dividing the transm ission of their N  b it codewords into 
two frames. Consider a frequency division duplex (FDD) transm ission for the  two users, 
in the first frame, each user transm its a  ra te  R \ > R  codeword w ith N \ — K /R \  bits of 
its own. Each user receives and decodes the  p a rtn e r’s first frame. If the user successfully 
decodes the p a rtn e r’s ra te  R \  codeword (checked by CRC), the  user com putes and transm its 
N 2 additional parity  b its for the p a rtn e r’s message in the second frame. W henever a  user is 
unable to  successfully decode its p a rtn e r’s message, the user will revert to a  non-cooperative 
m odel by transm itting  N 2 parity  bits for its own message.
An interesting coding scheme considered in [13] is designed w ith R C PC  codes [1]. W hen 
R C PC  codes are used in the im plem entation of the coded cooperation, the overall ra te  R  
code is a  given R C PC  m other code. T he codeword for the first N \ b its is obtained by 
applying the puncturing m atrix  corresponding to  ra te  R \. The additional parity  N 2 b its 
transm itted  in the second frame are those b its th a t are left over after puncturing  in the first 
frame. They satisfy N \  +  N 2 = N .  A lthough for one m other code, there are several different 
puncture pa tte rns given in [1], b u t fair opportun ity  puncturing was m ainly considered in
[13], th a t is iVi =  N 2 = N /2 . For example, there lists 13 different R C PC  codes for a  rate 
R  — 1 /4  convolutional code as m other code in Table 5.1, only the 8/ 16-rate R C PC  code 
is selected to  form two 1 /2-rate  codes to  transm it from U serl and User2 separately in this 
reference.
T he perform ance results reported  in [13] have shown th a t the coded cooperation outperform s 
the norm al D F and A F cooperation. However, w ith the fixed and same coding ra te  a t bo th  
users may have some drawbacks under some channel realizations. For example, if the  channel
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between U serl and the destination is not good enough and much worse th an  the channel 
between User2 to  the destination. W hen the same am ount of symbols are transm itted  in 
these two channels, there may be outage in the  U serl to destination link when User2 to  
destination channel is ju s t satisfy some outage constraint. W hen the transm ission ra te  is 
able to  ensure bo th  channels are no t outage, User2 can transm it d a ta  w ith higher rate 
w ithout outage, which is no t m ade use of. Also in th is case, User2 can benefit very little 
by relaying a t U serl. Therefore, it is im portan t to apply adaptive coding according to  the 
channel conditions in coded cooperation system s to further perform ance benefits.
In  the  following sections, we propose two improved schemes, adaptive puncturing  coded 
cooperation and ARQ-based adaptive coded cooperation. The first is to  change iVi and 
N2 adaptively (N i/N 2 is defined as puncture  ratio) under N x + N 2 = N , according to  the 
instantaneous channel quality inform ation (SNR) a t the  source to minimize the overall BER. 
T he other is to  increase the overall code ra te  w ith N 3 +  N2 < N  on an  ARQ basis, resulting 
in th roughpu t improvement.
Since the transm ission is sym m etrical for the two users, in the rest of this chapter, we take 
the transm ission for U serl as an  example. Thus U serl serves as the source (S), user2 as the 
relay (R), and BS as the destination (D) sim ilar to  a  basic 3-node relaying system. Note in 
th is chapter, only the adaptive coding is considered, w ithout any power allocation or ra te  
adaptive algorithm s applied.
5.3 A d ap tive  P u n ctu rin g  C oded  C ooperation
A full ra te  convolutional code can generate several different puncture patte rn s  w ith different 
code rate. T he basic idea of adaptive puncturing  coded cooperation is to adaptively choose 
the puncture  p a tte rn  for the coded cooperation system  according to CSI to  improve the BER 
perform ance. It is assumed th a t perfect CSI of SD, RD and SR link are available a t the 
source. T hroughout this chapter, BPSK  m odulation w ith coherent detection is utilized for 
simplicity, while the  analysis based on o ther m odulation schemes is easily extendable.
5.3.1 Problem Statement
For a  certain  convolutional code as the m other code, the R C PC  code sequence for the source 
to transm it can be generated w ith  a param eter I and coding rate  R \ = P / ( P  + I), where P
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Table 5.1: P unc tu re  pa tte rns for R  — 1/4, M  — 4, P  =  8[1]
code ra te  R \ puncture  m atrix
8/9
1 1 1 1 0 1 1 1 ]
1 0 0 0 1 0 0 0 
0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0
8 /1 0
r i  i r - 1 i i i  i '
1 0 0 0 1 0 0 0 
0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0
8 /1 2
' 1 1 1  1 1 1 1 1  
1 0  1 0  1 0  1 0  
0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0
8/14
* 1 1  I I I  I I I *  
1 1 1 0  1 1 1 0  
0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0
8/16
* 1 1 1 1 1 1 1 1 ’
1 1 1 1 1 1 1 1
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
8/18
’ I 1 I  1 1 1 1  1 ■ 
1 1 1 1 1 1 1 1  
1 0 0 0 1 0 0 0  
0 0 0 0 0 0 0 0
8 /2 0
" 1 1 1 1 1 1 1 1 “
1 1 1 1 1 1 1 1
1 1 0 0 1 1 0 0
0 0 0 0 0 0 0 0
8 /2 2
’ 1 1 1 1 1 1 1 1 ’
1 1 1 1 1 1 1 1
1 1 1 0 1 1 1 0
0 0 0 0 0 0 0 0
8/24
’ I 1 1  1 1  1 1 1 = 
1 1 1 1 1 1 1 1  
1 1 1 1 1 1 1 1  
0 0 0 0 0 0 0 0
8/26
* 1 1 1 1 1 1 1 1 ’
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 0 0 0 1 0 0 0
8/28
' 1 1 1 1 1 1 1 1 * 
1 1 1 1 1 1 1 1  
1 1 1 1 1 1 1 1  
1 0  1 0  1 0  1 0
8/30
" r  i ' r  i i I f ...i..... i...'
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 0 1 1 1 0
8/32
" l l l l l l l l "
1 1 1 1 1 1 1 1
l l l l l l l l
l l l l l l l l
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is the  puncturing  period and I E [1 , { l / R  — 1 )P]. T he RC PC  sequence s 01 is generated by 
puncturing  the R -rate m other sequence periodically w ith a N  x  P  puncturing  m atrix  P 10 
given by
p n ( 0  p i p (1)
p h ) (5.1)
PN l(l) PNP( 0
w ith pij E (0,1), where ‘O’ in the puncturing  m atrix  means the coded bit is deleted from the 
full-rate codeword, and ‘1’ represents the selected b it to  remain. Usually different puncturing
m atrix  generates different free distance w ith p a th  spectra  { / / }  and inform ation error
weight { c ^ }  [1]. For example, Table 5.1 shows the puncture pa tte rns of a  m other code of 
ra te  R  = 1 /4  w ith constraint length M  =  4 and puncture  period P  =  8 . There are in to ta l 
13 different RC PC  codes w ith different I and ra te  R \.  W hen any puncture  p a tte rn  of them  
is selected, the  original inform ation bits are transm itted  from the source as follows.
In Phase I, the source broadcasts the  m odulated R C PC  signals x 01 of codeword s 01 to  bo th  
the relay and the destination. The received signals a t the relay and the destination are
y  s r  =  h s r / 9  +  n a?. (5.2)
ydi =  hsd/ l) +  n sd (5.3)
respectively, where h3r and hsd are the  fading channel coefficients of the  SR and SD link, 
which are fixed during the transm ission of one block, and n ar and n sd are Gaussian noise 
w ith variance N q a t the relay and destination. B oth the relay and the destination decode 
the received R C PC  code encoded signals according to the m atrix  P %
In Phase II, if the  relay decodes correctly, it generates the com plem entary punctured convo­
lutional sequence s 01 of s + , and transm its to  the destination after m odulation as x ^ ) . The 
com plem entary punctured sequence s 10 can be generated by puncturing the m other sequence 
s  periodically w ith the ith  com plem entary puncturing  m atrix  P +  given by,
p (l) =  I n x p  -  p ,  (5.4)
which is the code w ith ‘0 ’ in the puncture m atrix . The coding ra te  a t relay is R 2 =  
p
{l/R - l)P - l  •
T he received signals a t the destination  considering bo th  cases can be w ritten  as,
{hrdxfi) -|- xird, relay transm its, m . I5 '5)h sd x l ' +  n ad source transm its
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T he destination then  combines the  received signals y di and y d2 received in the two phases 
using M RC combining to  form the full ra te  m other code. The V iterbi algorithm  can be used 
on the full ra te  codeword to  decode the original inform ation.
In the previous work, Pd) and coding ra te  for the source and the relay are fixed regardless of 
the channel conditions. In  this content, we propose to  adaptively change Pi and coding rate 
R i(l) , R 2(l) for the source and the relay, to  minimize the overall B ER  among all available 
RC PC  codes. Thus, our u ltim ate  objective is
pd*) =  arg m in P{1), (5.6)
where I is lim ited by the R C PC  codes, V (l)  is the  overall BER.
5.3.2 BER Performance
As convolutional code is used in the system , the  best way to predict the B ER  is to use
pairwise error probability (P E P ). The P E P  for a  coded system  is the probability of detecting
an erroneous codeword b =  ^6(1), 6(2), • ■ • , 6(N) j  when in fact b =  (6(1), 6(2), • • • , 6(iVj) 
is transm itted . According to [93], the  P E P  conditioned on the instantaneous received SNR 
value 7  =  (7 (1), 7 (2 ), ■ • • , 7 (N))  for a  BPSK system  is,
PPEp (b -> bfy) = Q , k Y 2  7(n) (5 J )
y n £ w
where Q(-) is the Gaussian Q -function and 7 (71) is the instantaneous received SNR for code 
b it n, and the set w  is the set of all n  for which 6(n) rf 6(n), and \xu\ — d is the Hamming 
distance between the transm itted  codeword b and the received codeword b. Assuming a 
linear code where error probabilities are independent of transm itted  codeword, the  P E P  
depends only on d, no t the particu lar pair of codewords.
W ith  slow fading assum ption in th is coded cooperation model, the fading coefficients are 
constant in a  tim e interval, i.e., y (n) =  7 . Thus the  conditional P E P  w ith  puncture m atrix
p d )  can be simplified as _____
P p E p {d ^  I7 ) =  Q ( ^ / ‘ZdW'^J , (5.8)
where dd) is the Ham m ing distance.
The block error probability for a  term inated  convolutional code is bounded by [13],
Pblocki7 ) <  1 — (1 -  Pe {i ))B < B  . PE (7 ) (5.9)
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where B  is the num ber of trellis branches in the codeword. In  general, for a  ra te  -1 /n  
convolutional code (or obtained by puncturing  a  ra te  -1 /n  code), B  is equal to  source block 
length K . Pe (i ) is th e error event probability  th a t can be w ritten  as
Pe {i ) < m in j  1, YU  adp P E p (d f  |q) > (5.10)
( d«)=df J
where a f t  is the num ber of error events w ith a Ham m ing distance d f t , and d ft is the code free
OO {I\
distance for the selected R C PC  code. To avoid the upper bound set by aldP pE p(d f It)
dw =4°
is larger th an  1 , we use m in  to lim it P e  <  1 .
T he b it error ra te  for a  coded system  is bounded by [13]
-  OO
a O ) < r  E |7 ) (5.11)
° d«)=4‘>
where, eft is the  num ber of inform ation bit errors for codewords w ith Hamming distance 
d P \  and kc is the num ber of input b its for each branch of the  code trellis.
Therefore, the  overall end-to-end B E R  perform ance of this coded cooperation w ith  puncture 
m atrix  P 01 can be expressed as,
V{1) — PblockiLsAPbilsd) +  (1 ~  Pblock('lsr))Pb{/7sdi 'Ird) (5.12)
where y sr, y sd and y rd are the SNR of SR, SD and RD link respectively, Puockilsr) is the  
block error ra te  of the SR link, Pbijad) is the B ER  of the SD link if the source sends the whole 
codeword w ithout cooperation, and Pb(lsd ilrd )  Is the B E R  a t the destination  if the source 
and the relay transm it one portion each. Pbiock(lsr)> and Pbpisd) can be easily obtained 
using (5.10) and (5.12). As for P bilsd ilrd), if d\ and d2 are the num bers of the error bits 
transm itted  through source and relay user’s channel respectively, such th a t  d\ + d2 — d ^ . 
Pb(lsd ,lrd) can be form ulated as [99],
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S ubstitu ting  (5.10), (5.11) and (5.13) into (5.12), the  overall BER can be obtained, which is 
a  function of 7 3d, ySr, Ird  and I.
5.3.3 Algorithm Description
Generally for adaptive techniques, by inverting the B E R  perform ance by the adjustable 
param eter, the  boundaries for adaptively choosing different schemes can be calculated. The 
boundaries are functions of the received SNR, therefore, when the received SNR falls into a 
certain  boundary, the  corresponding scheme is chosen. However, in th is system  as expressed 
before, the overall B E R  expression of the system  is too complicated to  be easily invertible. 
W ith  three channels involved, it is difficult to  define the close and non-overlapping linear 
regions for each puncture  p a tte rn  as in classic non-cooperative systems.
Meanwhile, the puncture  pa tte rns are lim ited for a  given m other code, so exhaustive search 
among all these puncture  patte rn s  can be an  algorithm  easily to im plem ent assisted by 
com puter. Therefore, this is utilized in our proposed scheme. In  this case, the  transm ission 
procedure can be described in the following several steps:
Step 1. Based on the instantaneous SNR, the source calculates the overall system  BER for 
all puncture  patterns.
Step 2. The source searches for the puncture p a tte rn  corresponding to the minim um  BER 
perform ance to  use for puncturing.
Step 3. Once the puncture  p a tte rn  has been decided, the transm ission is processing as 
described before.
Note th a t when the last punctu re  p a tte rn  in Table 5.1 is chosen, we use only the source 
to  transm it the full codeword. This will probably happen  when RD link is bad enough, 
the proposed scheme can avoid possible severe perform ance degradation caused by poor RD 
link in conventional coded cooperation. In this case, it is equivalent to th a t the source 
makes a choice between the source and the relay, of which the source is selected to  do the 
transm ission. As a  m atte r of fact, th is goes into the non-cooperative transm ission to  avoid 
the perform ance degradation by poor relay connections. The flowchart of the proposed 
adaptive puncture  coding scheme can be expressed in Fig. 5.2.
In  Figure 5.3, we show a frame division com parison between the conventional coded coop­
eration and our proposed schemes. For the  conventional one, the  whole frame, N bits, is
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Figure 5.2: Flowchart of proposed adaptive puncturing coded cooperation
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divided into fixed N \ and N 2 bits. The code rate for the whole codeword, 1st and 2nd frame 
are fixed to be R, R \ and R 2. B ut for adaptive coded cooperation, there seems to be a 
slider, which decides the puncture ratio. In this case, the to tal codeword size and code rate 
are fixed to  be N  and R  respectively. B ut N \ and N 2 (R \ and R 2) are adaptively changing 
according to the various positions of the slider. If the slider goes to  the left, the  relay will 
send a larger portion  of the full-rate codeword; if the slider gees to the right, the source will 
send a larger portion. The position of the slider is adapted  according to the received SNR 
of SR, SD, and RD link together.
N bits
N1 bits N2 bits
/I------- ---- 7
^------- ......>>
N1 bits N2 bits
Original coded 
cooperation
Adaptive puncturing 
coded cooperation
Figure 5.3: Frame S tructure  Comparison
5.4 A R Q -based  A d ap tive  C oded C ooperation
In the above scheme, the overall coding ra te  is fixed to  improve the B ER  perform ance of 
the system. However the th roughput is the same w ith the conventional coded cooperation 
systems. Therefore, we propose other adaptive coding algorithm  to further improve the 
th roughput of the coded cooperation.
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5.4.1 Preliminaries
In  practical systems A utom atic R epeat Request (ARQ) techniques are often employed to 
request a  retransm ission when the receiver detects errors. The com bination of ARQ tech­
niques w ith Forward E rror Control (FEC) codes is referred to as hybrid ARQ (HARQ) [100]. 
A straightforw ard HARQ scheme simply combines FEC  and ARQ schemes together, and a 
code is designed for sim ultaneous error correction and  error detection. Once the received 
codeword is detected in error and the designed error correcting capability cannot correct 
the errors, the  receiver requests a  retransm ission. This is called type-I HARQ. To accom­
m odate different error protection requirem ents, type-II HARQ schemes use continuous rate 
variations to  change from low to  high error protection  w ithin a  codeword. T his is done by 
transm itting  supplem ental code symbols when needed [101].
R andom  rateless erasure codes, such as Fountain codes, can offer the near network-capacity 
perform ance for these scenarios [97]. Unlike conventional codes, they encode and transm it the 
source inform ation in an infinitely long code stream . The codes have the special property  
th a t a  receiver can recover the original inform ation from unordered subsets of the code 
stream , once the to tal obtained m utual inform ation marginally exceeds the entropy of the 
source inform ation. Thus, it is certain  th a t the destination can decode the transm itted  
signal; only the required transm it energy and the transm ission tim e depend on the channel 
states. Fountain codes were originally designed for erasure channels, bu t their perform ance 
on general discrete memoryless channels, AWGN channels and fading channels has been 
studied and shown to  be good. Recently, there is already some work combining Fountain 
codes w ith relay networks [98, 102].
Looking through the puncture m atrix  for R C PC  codes w ith code rates from high to low in 
Table 5.1, the difference of the  m atrix  is shown in boldface. We can conclude th a t every 
b it in the high ra te  code appears in the low ra te  code; a  lower ra te  codeword is formed ju st 
by selecting 1 or 2 more bits from the m other code compared w ith the adjacent higher ra te  
code [103], And the subset shown of the  full-rate code can decode the original b its using 
V iterbi algorithm . Therefore, borrowing the idea of Fountain code, we propose to  combine 
these properties of R C PC  codes to re transm it only ex tra  1 or 2 b its when required on an 
ARQ basis.
Targeting to improve the th roughput of the system, we propose to  adaptively transm it the 
subset of the  full-rate code from the relay taking into account the ARQ feedback, called
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ARQ-based adaptive coded cooperation. W ith  CRC applied in the transm ission block, if the 
destination can receive the d a ta  successfully w ithout the  full-rate convolutional code trans­
m itted , higher ra te  code w ith less redundancy bits can be used resulting the improvement 
of system  throughput.
5.4.2 Algorithm Description
In the system  model as shown in Fig. 5.1, the  transm ission is slightly different w ith  norm al 
coded cooperation and described as follows.
In  the 1st slot, the source encodes the original bits w ith the highest ra te  R C PC  code se­
quence s ^ o f  the same m other convolutional code w ith puncture m atrix  P d \  code rate 
R \ =  P / ( /d )  4 . _p). T hen  the Ah bit m odulated  sequence x ^ ) is transm itted  from the source 
to bo th  the destination  and the relay. Take the convolutional code in Table 5.1 as an  exam ­
ple. The first R C PC  code in the table w ith ft1) =  1 and ra te  R \ = P /(  1 +  P )  is transm itted . 
T he received signals a t the relay and the destination are,
ysr = h s M   ^ +  n sr> (5*14)
ydi =  hsdxT) +  n sd. (5.15)
If the destination can correctly decode the data , it sends back Acknowledgment (ACK) and 
in the next slot, new signals are transm itted  from the source. The overall code ra te  for this 
case is then  R ' — R \,  and much larger th an  the  full-rate R.
If the destination  can’t decode the message correctly w ith the Negative Acknowledgment 
(NACK) sent back, the  2nd slot is needed for retransm ission. If the relay is able to decode 
the d a ta  from the 1st transm ission, it sends the ex tra  bits to  form the next high ra te  R C PC  
code to  the destination. It compares the difference of the  puncture m atrix  w ith P^21, 
and ju s t sends the difference bits — s^1). In  the example m other code, comparing rate 
-8 /9  and ra te  -8/10 code, only the very 5 th  b it of every whole codeword is transm itted  
to the destination. In  the case th a t the relay can’t  decode correctly, the source does the 
retransm ission w ith the same ex tra  bits. T he received signals a t the destination  in these two 
cases are
{h rd fx .^  — x ffi) +  n rd, relay transm its, / (?) n u  . (5-16)h 3d(x-K ‘ ~  x 1 ')  +  n 8d source transm its
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A t the destination, it combines the received d a ta  from these two slots to  form the sequence 
s^2), and decodes this RC PC  code w ith  punctu re  m atrix  p ( 2) to  get the  original bits. If the 
destination can ’t  decode, then, in the 3rd slot, the  ex tra  b its of s 141 — s^2) is transm itted  
from the relay or the source (when the relay can’t decode the source’s data . Prom the 
tim e the relay can decode the data , it replaces the source for the retransm ission). This 
process continues until the destination  can decode successfully or it reaches the  m axim um  
retransm ission tim e constraint. T he to ta l retransm ission bits are sum m ed to  be N 2, and the 
resulting whole codeword is m ade up  of N \ + N 2 =  N ' < N  bits, w ith code rate  R 1 > R.
The flowchart of this algorithm  can be expressed in Fig. 5.4.
Figure 5.5 shows the frame struc tu re  of this scheme, and only the d a ta  block w ith solid line is 
transm itted  each time. The whole transm ission codeword size N ' is variable (as well as ra te  
R '), and smaller or equal to  N .  Obviously, the system  th roughput is improved averagely.
5.5 Simulation Results
In  this section, we present num erical results for the proposed two adaptive coded cooperation 
schemes in BPSK system  over independent fiat Rayleigh fading channels. We set the  block 
size of inform ation bits to K  — 32. We use the R C PC  code and the punctu re  patterns 
as shown in Table 5.1. Soft-decision V iterbi decoding algorithm  is used as the decoding 
technique.
Adaptive puncturing coded cooperation scheme
In  this sim ulation, we consider the three channels involved are w ith the same SNR, ranging 
from OdB to 20dB. For simplicity, we don’t consider all possible punctu re  pa tte rns in the 
sim ulation, we make our selection from the punctu re  code w ith ra te  8 /9 , 8/16, 8/24 and 
non-cooperative system.
In the figures, ‘m ulti-an tenna’ is a  special case of coded cooperation w ith perfect SR channel. 
From Figure 5.6, we can observe the B ER  improvem ent of the  proposed adaptive coded 
cooperation over the conventional coded cooperation. Besides, we only consider 4 possible 
puncture  pa tte rns in the sim ulation, and the perform ance will be further improved if we 
consider all 13 puncture patterns.
In  Figure 5.7, we do the full selection from all 13 puncture patterns. The SD and RD 
channel have the same SNR from OdB to 20dB, and SR channel is fixed to  be 20dB. The
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Figure 5.4: Flowchart of ARQ-based adaptive coded cooperation
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Slot 1
Retransmission 1 
Retransmission 2
Aj
D
ID
Retransmission// { H T J F T D     *
N < N
Figure 5.5: Frame structu re  of ARQ-based adaptive coded cooperation
proposed scheme outperform s the conventional coded cooperation, and even b e tte r than  
the m ulti-antenna system. This benefits from the knowledge of the instantaneous SNR at 
the transm itter, which can make the distribution  of the codeword in a  more optim al way 
com pared w ith m ulti-antenna system.
ARQ-based adaptive coded cooperation scheme
In this simulation, the three channels are assum ed to be w ith the same SNR, ranging from 
OdB to 20dB. To keep the lowest code rate  for ARQ-based adaptive coded cooperation scheme 
the same w ith norm al coded cooperation, we set the m aximum retransm ission tim e to be 
1 2. This keeps fair comparison of our scheme w ith the conventional scheme. The simulation 
results are shown in Figure 5.8 and Figure 5.9.
Figure 5.8 shows the B ER  perform ance of the schemes, and the ARQ-based adaptive coded 
cooperation can achieve similar B ER  perform ance w ith conventional coded cooperation. For 
conventional coded cooperation, the overall code rate  is fixed to be 1/4, and Figure 5.9 
gives the average code rate for the ARQ-based adaptive coded cooperation scheme, which is 
much higher than  1/4. So ARQ-based adaptive coded cooperation can provide a significant 
improvement in th roughput while keeping the similar BER performance.
In practical system, retransm ission for 12 times is not appropriate; bu t as shown in Figure 
5.9, from lOdB to 20dB, the average code rate is larger than  0.85, close to the highest 
code rate  8 /9, and th is means i t ’s quite rare for the transm itter to do the retransm ission 
12 times. If we set the m axim um  retransm ission time to be smaller, we can get higher 
th roughpu t gain w ith some scarification of the BER performance. Figure 5.10 and Figure
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Figure 5.6: B ER  Perform ance comparison for adaptive coded cooperation
5.11 show the perform ance w ith the m axim um  retransm ission tim e of 8. In  this case, the 
ARQ-based adaptive coded cooperation is ju s t about ld B  less th an  coded cooperation at 
the  B ER  perform ance. So for system  w ith less B E R  perform ance requirem ent, we can set 
the retransm ission tim e constraint to  be smaller to  reduce the complexity.
In these sim ulations, we use the m other convolutional code and RC PC  codes shown in Table
5.1, b u t these two schemes can be extended to o ther convolutional codes as well.
5.6 Sum m ary
In  this chapter, we proposed two adaptive coding schemes for coded cooperation - adaptive 
puncturing  coded cooperation and ARQ-based adaptive coded cooperation. The proposed 
two schemes can improve the B E R  by up to  2dB and provide tripled th roughpu t respectively, 
com pared w ith the conventional coded cooperation system  w ithout adaptive coding. The 
sim ulation results dem onstrated our proposals by showing the claimed improvement over the 
fixed code cooperation scheme.
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5.7: B ER  Perform ance com parison for adaptive coded cooperation
Figure 5.8: B ER  Perform ance comparison for ARQ-based adaptive coded cooperation
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SNR (dB)
Figure 5.9: Average coding ra te  for AQR-based coded cooperation
Figure 5.10: B E R  Perform ance com parison for ARQ-based adaptive coded cooperation
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SNR (dB)
Figure 5.11: Average coding rate  for ARQ-based adaptive coded cooperation
C h a p t e r  6
C o n c l u s i o n s  a n d  F u t u r e  W o r k
6.1 Conclusions
T he intense research has focused on cooperative communications in recent years, as node 
cooperative has the potential to  provide significant perform ance improvement in m ulti-user 
networks. Relaying system s of the  cooperation paradigm , have shown the trem endous gains 
over direct transm ission, especially in the context of fading channels.
F irst in this these, we have derived the perform ance of the sim plest cooperative commu­
nications in term s of average symbol error probability  over Rayleigh fading channels. The 
protocols including AF, D F and Selective D F were considered. It can be observed from 
our perform ance analysis th a t cooperative comm unications can offer significant improve­
m ent over the trad itional point-to-point communications. Some of our derived perform ance 
bounds are tighter th an  the state-of-the-art results.
A lthough cooperative com m unications are prem ium  in providing more reliable communica­
tions in wireless fading environm ent, the spectral efficiency of the cooperative communica­
tions may be decreased because of the half-duplex constraint in practical communications. 
W ith  this requirem ent and also sometimes the orthogonality for different nodes in tran s­
mission, ex tra  tim e or frequency is needed for the  relay transm ission. Therefore, as a  main 
focus of this thesis, we investigated the m ulti-link adaptive transm ission techniques in relay 
networks to  further improve the perform ance of half-duplex cooperative communications.
A daptive transm ission has been well studied for the classic communications w ith  only direct 
transm ission. The transm ission param eters such as power, m odulation and channel coding 
are to  be changed w ith respect to  channel s ta te  inform ation feedback. Here for the cooper­
ative com m unications, w ith m ultiple nodes and wireless links involved to  jointly  determ ine
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the system  perform ance, we investigated the m ulti-link adaption for cooperative communica­
tions. Transm ission strategies including adaptive power, adaptive m odulation, and adaptive 
coding were proposed. The relay networks we considered for adaptive transm ission include 
the basic 3-node relaying network, 3-node bidirectional relay network, and parallel relay 
network. The idea of the  proposed schemes can also be extended to  o ther relay networks.
O ur investigation has resulted in the  significant perform ance improvement th a t adaptive 
techniques bring to the cooperative communications. Here we sum up the m ain conclusions 
we draw.
For the A F relaying cooperative com munications, we saw that:
•  A daptive power allocation can improve the perform ance of AF relaying network. We 
have investigated the adaptive power allocation of a  bidirectional AF relaying system. 
By applying power allocations for this relay network, the perform ance can be further 
improved com pared w ith fixed power transm ission. We proposed two adaptive power 
transm ission strategies. Requiring only the channel m ean strength , significant gains 
in term s of average sum ra te  and outage probability were shown to outperform  the 
constant power transm ission.
In  the D F relaying system , not only the power b u t also the m odulation a t bo th  the source and 
the relay can be adaptively changed according to  the channel s ta te  feedback. T his is because 
the relay in D F relaying can de-m odulation, de-code and then  re-m odulation and re-code 
the received d a ta  from the source before forwarding to  the destination. This provides the 
opportun ity  to  do adaptive m odulation a t bo th  the source and relay. So we have proposed 
several adaptive m odulation schemes allowing different m odulation form ats a t the source 
and relay. O ur investigation showed:
•  Providing the channel s ta te  inform ation a t the relay only, adaptive m odulation can 
be used a t the relay w ith fixed m odulation a t the  source. U nder this assum ption, 
we proposed Type-I m odulation adaptive cooperative schemes. T he spectral efficiency 
was improved com pared w ith the fixed D F relaying system. Meanwhile, the B ER  
perform ance was kept a t the similar level of fixed DF relaying transm ission. This is 
useful when the relay is close to the destination.
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•  Providing the channel s ta te  inform ation a t bo th  the source and the  relay, adaptive 
m odulation schemes allowing adap ta tion  of ra te  a t b o th  the source and the relay can 
be applied. This provides ex tra  degree of freedom for the transm ission design. W ith  the 
designed scheme, Type-II m odulation adaptive cooperative scheme, the perform ance 
improvement over fixed D F relaying was even furthered.
•  By adaptive m odulation, the  spectral efficiency of cooperative com m unications can be 
improved even in orthogonal relay networks. Because of the half-duplex constraint of 
practical system, this may decrease the  spectral efficiency of cooperative communica­
tion. Particularly, in the  orthogonal cooperative relaying, to keep the  orthogonality of 
the source and relay nodes in transm ission, ex tra  need in tim e or frequency can induce 
severe losses in spectral efficiency. O ur research has shown th a t, by adaptive m od­
ulation, the  cooperative com m unication can still improve the spectral efficiency over 
the direct transm ission. This can be achieved by the proposed adaptive m odulation 
scheme based on opportunistic relaying. In  the proposed scheme, the system  can dy­
namically switches between the direct transm ission mode and the relaying transm ission 
mode. For each mode, the spectral efficiency was maximized under power and B ER  
constraints. The num erical results have shown th a t by using the adaptive m odulation, 
significant improvement in term s of spectral efficiency was achieved in com parison w ith 
bo th  the  fixed D F relaying transm ission and adaptive direct transm ission.
•  By using adaptive transm ission providing only delayed feedback inform ation, there is 
still perform ance improvement over fixed D F relaying system. In  practical systems, 
the perfect CSI may not always be feasible, therefore, delayed feedback or erroneous 
feedback occurs in some cases. O ur extension of proposed adaptive m odulation schemes 
to  the  slowly tim e-varying channels w ith  delayed feedback showed th a t we still could 
gain some perform ance improvement by using adaptive m odulation.
We also considered the adaptive coding in the  coded cooperation systems. A daptive coding is 
also a  powerful technique to  further improve the perform ance of cooperative communications, 
as we have observed:
• T he B E R  perform ance can be minimized by adaptively changing the punctu re  p a tte rn  
of R C PC  code in coded cooperation. By m aking use of the channel feedback, the code­
word a t the source can be adaptively split. Larger portion  should be transm itted  from
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the b e tte r channel of the source-destination link and relay-destination link. The per­
formance improvement over trad itional coded cooperation w ith fixed puncture  p a tte rn  
can be observed in the sim ulation results.
•  The throughpu t can be improved by ARQ-based adaptive coding for coded cooperation. 
The throughout of cooperative com m unication is severely affected by the repeated 
transm ission from the relay, especially in the  case th a t the source-destination link is 
already reliable in m ost of the time. So we proposed to  transm it the codeword w ith 
the lowest ra te  code ra te  from the source first, and only ex tra  1 or 2 b its of codeword 
to  be transm itted  from the relay when requested by the destination. In  th is way, the 
transm ission from the relay was by request only w ith larger overall code rate. The 
throughpu t improvement was significant.
T he results m otivate the need for cooperative communications to  incorporate multi-link 
adaptive transm ission techniques. T he adaptive techniques including adaptive power, m od­
ulation and coding can lead to significant gains. These gains can transla te  into significant 
improvement in ba tte ry  life for a  target perform ance level, as well as satisfying the spectral- 
efficient system  requirem ents in next generation communications.
6.2 Future Work
•  In  th is work, we have investigated the perform ance improvement by m ulti-link adap­
tive m odulation used in D F relaying cooperative communications. Several adaptive 
transm ission schemes were proposed to  improve the spectral efficiency. T he general 
problem  has not been perfectly solved yet. Also, the potential spectral efficiency gains 
of the system  needs to  be quantified.
•  For coded cooperation, we borrowed the idea of rateless code to  propose the ARQ-based 
adaptive coded cooperation. Different w ith  the random  rateless code, like Fountain 
Code, we used the determ inistic code. B ut which code is b e tte r for practical use 
considering bo th  complexity and perform ance? To answer this question, more research 
efforts are to  be paid.
• In the  bidirectional relay system  we investigated for power allocation, we consider the 
power a t the two sources are the same. A direct extension is to  find the optim al power
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allocation assum ing th a t the power a t all three nodes are not identical subject to a 
to ta l power constraint. This issue is currently  being looked into. Furtherm ore, the 
adaptive transm ission for bidirectional relay systems employing more relays is also an 
interesting topic.
•  We develop the adaptive transm ission w ith only one param eter of the power, m odu­
lation and coding adjusted in this thesis. However, adaptive transm ission for classic 
point-to-point com m unications has shown th a t we can adjust the com bination of these 
param eters. For example, the adaptive power and m odulation, adaptive coding and 
m odulation are very im portan t techniques in classic communications. Therefore, more 
sophisticated adaptive strategies should be designed by jointly considering the adap­
ta tion  of the com bination of these param eters.
•  In  addition, in the  work described in this thesis, we have considered error-free feedback 
inform ation. One area of future work is to  construct the adaptive transm ission w ith 
errors in the feedback link and cases w ith very lim ited feedback a t the  tran sm itte r side.
•  T he half-duplex constraint is considered in the  relay networks in this thesis. For 
simple im plem entation, we further impose an additional tim e orthogonality constraint. 
However, some relaying protocols have been proposed w ithout requirem ent of time 
orthogonality. As a result, the adaptive transm ission design is an  area of fu ture work 
adopting these advanced half-duplex protocols.
O u t a g e  P r o b a b i l i t y  a n d  A v e r a g e  
E r r o r  P r o b a b i l i t y  w i t h  S N R
7  =  71 +  72
A p p e n d i x  A
Suppose 7 i and 72 are independent exponentially d istributed  w ith the probability density
1 a? 1 _______
functions of f r e  Ai and fr e  A2 , respectively. T he sum  of them , 7 =  7 1 + 72, is very 
im portan t in the derivation of outage probability  and symbol error ra te  for bo th  AF and DF 
protocols. In  this appendix, the outage probability  and average error probability  w ith the 
SNR of 7 =  71 +  72 will be derived. According to  the  assum ptions above, the following two 
equations give the probability density function of 71 and 72,
A W  = j  *' ( a . ! )
0 x  < 0 ,
f 2 { x ) = \ * e X 2  X > °  (A.2)
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Now, known the probability density function of 7 , it is easy to  calculate the outage probability
V o u t  =  Pi’(7 < 7o) 
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(Taylor formula to  get the  next line)
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Known the probability density function of 7  =  71 +  7 2 , similarly, it is easy to calculate the 
average error probability w ith the SNR of 7 , which is
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The Taylor form ula y/1 +  x  «  1 +  — \ x 2 + o(x3) can be used to give an  approxim ation
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for the above equation as
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D e r i v a t i o n  o f  I n e q u a l i t y  ( 2 . 4 3 )
A p p e n d i x  B
Suppose y  > 0, and f ( y )  =  ln ( l +  y). There m ust exist a  £ €  (0, y) th a t
f ( v ) - m  = f (Z) {v-0) >  (B-1)
based on Lagrange Theory, where / ' ( )  is the  first order derivation of function / ( ) .  
Equivalently, we have
ln ( l  +  y) =  <  y- (B ‘2)
Let 1 +  2/ =  % 0 <  a; <  1. S ubstitu ting  this into (B.2), we have
l n ( i )  <  i  -  1, (B.3)
X  X
and
—x ln ty )  <  1 — x . (B.4)
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A v e r a g e  S E P  f o r  t h e  2 n d  T e r m  i n  
E q u a t i o n  ( 2 . 4 5 )
T he pd f of the SNR in SD link is in the form of p(ar) =  03 exp (—0 sx), thus the pdf of the 
combined SNR from the 2nd term  in (2.45) and SD link is,
p ierm2( l )  = !  4 0 i0 2x e x p [ - (0 i  +  02)x\ ■ 0 3 e x p [- /33( 7  -  x)]dx 
Jo
4010203 ( a x 4 0 i0 20s r (n  n x ,e x p ( - 0 3y)  -   --tt; exp[—(pi +  02)y\ (C .l)
(01 + 0 2 - 0 3 ?  FV "  ( 0 1 + 0 2 - 0 3 ?
4010203
(01 + 0 2 ~  03)
7 exp [—(/?! + 0 2)y\.
To obtain  the average SEP for this term  over fading channels, we need to  calculate the 
integration of the p roduct of Q-function and the p d f of the received SNR y term2 in (C .l). 
This process can be done for the three term s separately. The integration of the first and 
second term s can be calculated using the same way as in (2.26). For the th ird  term , it can be 
w ritten  in the form of exP(~~ wh h  n i= 2 , which is the pd f of 2-order Nakagami
fading channel. The calculation of average SEP over Nakagami-m fading channels can refer 
to [93]. T he reference gave the average SEP over m -order Nakagami fading channel as,
ppterm2   £
' e ~  2
(  2k \  v h
fc=o \V k
(C.2)
where fi(c) =  c =
Substitu ting  equation (C.2), (C .l) and (2.26) into (2.25), the average SEP contributed by
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this term  obtained as
poo
pterm2 _  / a Q (y /b j)p term2( j ) d j  
Jo
(01 + 0 2 ~  03?
4-010203 
(01 + 0 2 - 0 3 ?
_  4+1/32+3 >
+1 + +2 — /53
0 . 5 6 / + 3
1 +  0.56/+3
0.56/(+i + +2)
1 -f 0.56/(+i + +2)
- I 0.56/(+i ++2) 11 + 0.56/(+i + +2) 2 0.56/(+i + +2)1 + 0.56/(+i + +2)
(C.3)
A pplying the Taylor series in the above form ula as, y /l  + x  «  1 +  ±x — §a:2 +  o(x3) and 
(1 — ar)§ =  1 — +  § x 2, because in this system , higher order term s are not dom inant. Then
the above equation can be simplified to,
P.te rm 2  _
2a+i+2
(+1 + 0 2 ~  03?
+2(1 + 0.56/+3) 8(1 + 0.56/+3)2
2a+i+2+3
( 0 l+ 0 2 ~ 0 3 ? ( 0 1 + 0 2 )
2a+ i+2+3
+2(1 + 0.56/ (+1 + +2) 8(1 + 0.56/ (+1 + +2))2,
3
(+1 + 0 2 ~  + 3) (+1 +  0 2 ?  8(1 +  0.56/(+ 1 +  + 2 ))2 
4a+ i+ 2+3(2+i +  2+2 — +3)
63( + l + + 2 - + 3)
(C.4)
In the considered system  model, +1 =  +2 =  % ,  +3 =  •=%. Considering the full diversity
order of th is system  is 2, this term  is negligible.
A p p e n d i x  D
P r o o f  o f  E q u a t i o n  ( 3 . 3 )
Define a function f ( x )  as
f ( x )  =  log2(a;), (D .l)
which is a  concave function, because the 2nd order of f ( x )  is given as
f " {x) =  “ s h  /  <  °- ( D2)
Following the Jensen’s inequality for a  concave function, we have
+  f ( x i )  +  . . .  +  /(x „ )]  <  + + +  (D .3 )
This can be simplified as,
F [log2( l  +  a;)] <  log2[l +  F (x )], (D.4)
where E(-)  is the expectation. ■
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C o n v e x  P r o p e r t i e s  o f  S p e c t r a l  
E f f i c i e n c y  f o r  D F  M o d e  
T r a n s m i s s i o n  i n  O p p o r t u n i s t i c  
R e l a y  S y s t e m
A p p e n d i x  E
1). The objective function is a  convex function. 
T he objective function is defined as,
f i(g l,g lr) = +log2 (1 +  1 .5 /p j) log2 ( l + 1 .5 /$ )  ’ 
The 1st order derivation of th is function is
(E.1)
( 1.51n2~T \
1.51n2 > 0 , (E.2)
where g\ > 0 and glr >  0. Therefore f i { g l ,g lr ) is an increasing function of bo th  g\ and glr . 
The Hessian m atrix  of f \  is
f i ( g l g i )
a2 a  a2 .A
dgf dgldgl
a2 .A a2 A
99zrdgls dgi?
(E.3)
and (o r ^ 4 h )  can be calculated as follows,dg V \ dg'r J 
d 2h f l n 2
dgls ^ ln (l +  + £ )) (gi2 +  1.50*)
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2 i i n ( i  +  i # r  ?  +  2
(E.4)
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Please note the 1st te rm  in the  above form ula is positive. Thus the convexity of this function 
is decided by the 2nd term . To assist the  investigation of the convexity, we define u(t )  as
u(t)  =  (2 +  t) ln ( l  +  t) — 2 t , t  > 0. (E.5)
T he 1st and 2nd order derivation of u ( t) are u'{t) =  ln ( l+ t )  +  |± |  — 2 and u"(t) — p f t — (i-jfta •
Obviously, u"(t) > 0, therefore u'{t) is an  increasing function of t. We have u'{t) > -u'(O) =  0.
This indicates th a t u(t)  is an increasing function of t as well, then  u(t) > u(0) =  0.
S ubstitu te  t  =  1.5fg \  into (E.5), we have <  o. Similarly, ^4% < 0. As the Hessian
®Q$ ®Qr
m atrix  of the  objective function g\) is negative semi-defined, it is a  convex function.
2). The constraint function is a  concave function. The constraint function is
h ( g l g lr) = exp (—<?s7sd -  0*7<d) +  e x p ( -g lsy si) -  bV l . (E.6)
The 2nd order derivation of f 2 w ith respect to g\ and glr are
=  7Id exp(-5a7sd ~  9r7id) +  l l i  e x p ( -^ 7 s i)  >  0, (E.7)
dg\
=  7Id ex-V(-9lslsd  ~  9lrlid ) >  0, (E.8)
dglr
respectively. Therefore f 2(gl , 9lr ) is a  concave function of g\ and glr .
As the  m inim ization target is convex and constrain t is concave, this optim ization problem 
is a  s tan d ard  convex program m ing as defined in [104].
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